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lactic  acid  bacteria  species  was,  however,  insignificant.  Cellulose  conversion  was  noted  to  be  largely 




in  fact higher  than  the  improved  glucose  release.  Furthermore,  the  amount of  released  glucose was  not 
adequate to support an efficient production of ethanol. Lastly, the conversion of xylan was extremely low in 
both grass and grass silage. 
Optimization  of  the  enzymatic  saccharification  of  grass  was  attempted  through  improvement  of  the 





order  to assist and  improve  the pretreatment effect. This  resulted  in, however,  the undesired effect  that 







applied  to  both  grass  (Festulolium  Hykor)  and  wheat  straw,  in  order  to  compare  the  effect  upon  two 
categorically different biomasses. 










The  study  concludes  that  ensiling may  provide  a  pretreatment  effect  in  itself,  depending  on  the  silage 
conditions and the recalcitrance of the biomass. However, ensiling will always be at the expense of an amount 
of WSC; and the significance of the gain from the pretreatment effect versus the loss of WSC will again depend 












planetariske  bounderies  drive  udviklingen  i  retning  af  et  biobaseret  samfund.  Forbehandling  af 









omdannelse  af  biomasse  kulhydraterne  cellulose  og  hemicellulose.  Ensileringen  blev  udført  på  græs 
(Festulolium  Hykor)  udviklet  af DLF  TRIFOLIUM.  Ensilering  blev  yderligere  kombineret med  hydrotermisk 
forbehandling, der anvendes i den industrielle bioethanol fremstilling. Dette var med henblik på at sænke den 
nødvendige temperatur i den hydroterme forbehandling. Derudover var den første del af projektet dedikeret 
til  metodeudvikling,  som  resulterede  i  udviklingen  af  enkel  og  fleksibel  standard  ensilerings  metode  til 
laboratorie skala forsøg, som er velegnet til high‐throughput eksperimenter. 




































forbehandling med  hydroterm  forbehandling.  Disse  forbedringer  afhænger  dog  igen  i  høj  grad  tabet  af 
kuhydrat  og  den  pågældende  biomasse.  Det  skal  her  understreges,  at  ensilering  ikke  blot  vil  være  en 


































project  ‘Silage pretreatment of green crops  for 2nd generation bioethanol production’  (Jr. no. 64010‐0005) 
funded by the Danish Energy Agency. The part of the work, that included ensiling and hydrothermal treatment 
of  wheat  straw  did  also  receive  financially  support  by  the  European  Commission’s  Seventh  Framework 
Programme (PROETHANOL2G, Project no.251,151). During my work in the project I have been supervised by 


















































































aspects of our society, some  less, and others will have an essential  impact on our  lives. Several 
systemic crises have emerged from the vast expansion of human societies, counting an ecological‐ 












the  fundamental drawback  that  it  is merely produced  from  the edible part of  the biomass and 
therefore,  it  is  in direct conflict with  the before mentioned  food supply crisis and  it  is  inducing 
increased pressure on land‐use (Don et al., 2012; Allen et al., 2013).  
Production of ethanol is based on the well‐known process of anaerobic fermentation of sugar by 
yeast, and  thus  it can be  categorized as a  sugar platform biorefinery. The  term  sugar platform 
biorefinery refers to any biomass conversion that relies on the release of monosaccharides followed 
by fermentation or chemical catalysis of these into other products (Kamm et al., 2006). 
An  alternative  to  the  sucrose  and  starch  based  bioethanol merely  requires  another  source  of 
sugars.  Conveniently,  the  building  block  of  biomass  structure  happens  to  be  exactly  that  ‐ 




production of what  is here  referred  to  as  cellulosic  ethanol.  The  technology  development has 













Conversion of biomass  to  ethanol  therefore  requires  therefore  a  comprehensive pretreatment 
step,  where  the  tight  lignocellulosic  structure  is  ‘unlocked’.  Pretreatment  is  followed  by  an 
enzymatic  saccharification,  where  enzymes  of  cellulases  and  hemicellulases,  by  means  of 











An  alternative method of  pretreatment,  based  on  ensiling,  has  emerged  from  the well‐known 
agricultural  practice  of  feed  preservation.  Several  researchers  have  stated  the  possibility  for 
ensiling  to  become  a  low  cost,  low  energy  intensive  and  combined  storage  and  pretreatment 
method, due to its ambient conditions (Chen et al., 2007; Ren et al., 2007; Pakarinen et al., 2008; 
Thompson  et  al.,  2005).  Additionally,  ensiling  poses  several  advantages  for  agricultural 






of  organic  acids  inhibit  growth  of  microorganisms  and  prevent  biomass  degradation 
(Buxton et al., 2003). The pretreatment effect of ensiling  is ascribed  to  the enzymatic and acid 
hydrolysis of structural carbohydrates of mainly hemicellulose (Dewar et al., 1963; Morrison, 1979). 
Regarding ensiling as pretreatment, several studies have shown promising results. However, a large 
variety  of  treatment  conditions,  different  additives  and  combinations  with  various  other 
pretreatments make it difficult to evaluate on the actual pretreatment effect of ensiling. Thus, new 
knowledge is needed.   
This  PhD  project was  initiated  to  evaluate  and  study  the  effect  of  ensiling  as  a  pretreatment 

















































o Thus ensiling  can  facilitate a higher yield of monosaccharides after  subsequent 
enzymatic saccharification, compared to dry storage. 






Conversion  of  biomass  for  the  sugar  platform  biorefinery  can  be  seen  as  a  carbohydrate 
‘slaughterhouse’. The biomass as a whole, contain a large pool of carbohydrates that are spread 








physical mass  in all plants. This  structure,  the plant  cell wall,  is often divided  into primary and 
secondary walls,  latter  being  thick  and  lignified,  and  the  former  being  thin  and  allows  for  cell 
growth.  However,  nature  displays  a  vast  diversity  of  cell  wall  structure  as  according  to  the 
specialized function of the cell they are surrounding. Thus, it is hard to categorize cell wall structure 










As  the main  structure  that  provides  strength  and  resistance  to  the  plant,  lignocellulose  is  an 
important and abundant component, and obviously also the main target in lignocellulosic biomass 
conversion.  
















Hemicellulose  is  a  highly  heterogeneous  structure  of  several polysaccharides.  It  is  traditionally 
defined  from  biomass  extraction,  however,  since  extractions  obviously  vary  between  different 
biomasses with different hemicellulosic structure, it is un‐useful as definition. It has instead been 
















are  therefore  often  referred  to  as  arabinoxylan  or  glucuronoarabinoxylans  (Figure  2).  Other 
common branching structures are substitutions of α‐galactose, and O‐acetyl‐ and O‐feruloyl esters 























Lignin  is often  referred  to as  the glue  that holds  the  lignocellulosic matrix  together. Lignin  is a 
hydrophobic  phenolic  polymer  that  provides mechanical  support  and water  impermeability  to 
secondary cell walls. When cells mature, the wall becomes more lignified, which induce biomass 
recalcitrance, and it  is generally accepted that the amount of  lignin  is a significant factor for the 
pretreatment  efficiency  (Hu  and  Ragauskas,  2012).    Lignin  is  primarily  formed  from  three 
hydroxycinnamyl alchohols, namely p‐coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol 
(S) (Figure 1).The polymeric structure of lignin is not ordered and includes a high diversity in series 
of  linkages  .  Lignin  is  therefore  traditionally,  like  hemicellulose,  defined  according  to  chemical 
procedures. Lignin has in this work exclusively been analyzed as Klason lignin, which is the volatile 





reason  for  this  is  that pectin mainly exists  in primary  cell walls, where  there are no or  limited 
amounts of  lignin, and are  thus not  lignocellulose. Furthermore, pectin  is not abundant  in  true 
grasses, which  is a monocot plant, but  is  instead a major polysaccharide  in dicot plants such as 
vegetable plants and legumes. Pectin has an even more complex structure than hemicellulose. The 
main  structure  is  a  backbone  of  α‐(1‐4)‐D‐galactoronic  acid  residues  interrupted  by  (1‐2)‐L‐
rhamnose  residues,  from  where  arabinosyl  and  galactosyl  residues  form  complex  sidechains. 
However, the before mentioned definition of hemicellulose,  implies that all polysaccharides that 
do  not  have  a  ß‐(1‐4)  backbone  and  are  not  cellulose,  are  instead  pectin  structure.  Thus, 
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feed  experiments  with  increasing  stage  of  maturity.  Thus  suggesting  higher  recalcitrance  to 
microbial degradation at for late harvested grass. It is therefore likely that cellulose convertibility 










 Harvest date 
(dd.mm) 
WSC Cellulose Hemicellulose Lignin 
Italian ryegrass 12.05 26.2 23.5 21.1 0.7 
 26.05 26.8 25.0 20.9 1.1 
 09.06 22.4 28.9 21.3 2.4 
 23.06 18.5 31.2 21.7 2.7 
 07.07 14.7 32.9 22.2 3.2 
Tall fescue 12.05 19.6 24.7 23.5 1.4 
 26.05 15.7 28.6 24.0 1.6 
 09.06 12.6 33.5 24.1 2.5 
 23.06 12.9 33.6 25.2 3.3 












a moisture content higher  than 20%  (<80% dry matter) are naturally subjected  to spontaneous 
degradation by aerobic bacteria, yeasts, and fungi, e.g. known from the process of composting. In 
contrast, ensiling preserves the biomass through an anaerobic solid state  fermentation by  lactic 










the diet,  in most of  the world  (Wilkinson   et al., 2003). Feed crops  such as  temperate grasses, 
legumes,  sugar beet  tops, and  immature whole  crop corn and cereals are  therefore  traditional 
crops used for ensiling.  
Since ensiling takes place at high moisture it is not needed to extensively dry the crops after harvest. 



















The  moist  conditions  of  ensiling,  pose  therefore  multiple  advantages  concerning  agricultural 
management, allowing for a better harvest timeliness, thus better feed quality, increased number 












total  lignocellulosic  fiber  content  decreases  during  long  term  storage  under  acidic  conditions 






 Advantageous Disadvantageous 




Less harvest losses 
Better weed control 
 







High DM digestibility (animal feed) 
 
Risk of low DM intake (animal feed) 
Practical Uniform biomass  
Less bulk 
No risk of fire 
High water content (for transport) 



















is  therefore often used as an additive  in order  to  secure a  successful  silage  fermentation. The 
genera  of  the  dominating  LAB  has  large  influence  on  the  silage  fermentation,  since  different 
fermentation pathways are used by different LAB. LAB  is generally divided  into  two categories, 
classified  according  to  their  hexose  metabolism,  as  either  homo‐  or  heterofermentative. 
Homofermentative LAB ferment hexoses into exclusively lactic acid, using the Embden‐Meyerhof‐
Parnas pathway, whereas heterofermentative  LAB  ferment hexoses  into both  lactic‐ and acetic 
acid,  ethanol  and  carbon  dioxide,  using  the  pentose  phosphate  pathway.  Furthermore, 
homofermentative LAB are either classified as obligate or facultative, meaning that they are or are 
not  able  to  ferment  pentoses  depending  if  they  possess  phosphoketolase  or  not.  Most 
heterofermentative LAB are considered  facultative and do  therefore  ferment both hexoses and 
pentoses (McDonald et al., 1991). 
Table  3Error! Reference  source not  found.  contain  a  selection  of  the most  common  anaerobic 
fermentation reactions takeing place during silage storage, and the respective recovery of DM for 
each  reaction.  The  table  includes  reactions  carried  out  by  LAB,  but  also  the  three  possible 







Organism Substrate Product DM Recovery (%) 
LAB, Homofermentative  Glucose/Fructose 2 Lactate 100 
LAB, Homo-and 
Heterofermentative Pentose Lactate + Acetate 100 
LAB, Heterofermentative  Glucose Lactate + Acetate + CO2 83 
LAB, Heterofermentative  Glucose Lactate + Ethanol + CO2 83 
LAB, Heterofermentative  3 Fructose Lactate + 2 Mannitol + Acetate + CO2 95 
Enterobacteria Glucose Acetate + Ethanol + 2 CO2 95 
Enterobacteria 2 Glucose 2 Lactate + Acetate + Ethanol + 2 CO2 83 
Clostridia Glucose Butyrate + 2 CO2 66 
Clostridia 2 Lactate Butyrate + 2 CO2 49 









has a higher mass  loss. Heterofermentative  fermentation  is on  the other hand providing better 
resilience against spoilage of the silage when exposed to air, known as aerobic stability, due to, 














silo  that,  together with  the higher  amount of water,  increases  production of  a  liquid  effluent. 
Effluent is a considerable source of silage DM loss during storage (Savoie and Jofriet, 2003).  




For  the  fermenting  microorganisms,  water  is  a  determining  factor  for  both  growth  rate  and 
minimum pH  tolerance. At  low DM  the growth  rate  is higher, and  the pH  tolerance  lower. This 
means that lactic acid production is faster and terminal pH is lower, at lower DM (Muck et al., 2003).  












however,  important  to  know  the  general  effects  different  biomasses  have  on  the  silage 
fermentation, in order to control the process accordingly. While it is straight forward to control the 
DM and what inocula is used for ensiling, it is far more complex and not fully possible to indirectly 






contain  large  amounts  of  WSC  whereas  wheat  straw  does  not.  This  is  crucial  to  the  silage 
fermentation and without sufficient readily available carbohydrates to facilitate a rapid lactic acid 
fermentation the biomass will not be preserved and high DM losses will occur. Different strategies 
have  been  applied  to  overcome  this  when  ensiling  agricultural  residue.  Instead  of  LAB 
fermentation, organic acids can be added directly (Pakarinen et al., 2011), lignocellulytic enzymes 
can be added to release fermentable carbohydrates from the lignocellulose (Ren et al., 2007; Chen 





















pretreatment  method  for  further  conversion  of  lignocellulosic  biomass.  Several  pretreatment 
methods developed for cellulosic bioethanol, such as hydrothermal treatment, steam explosion, 
and weak acid hydrolysis, have degradation of hemicellulose as  their main pretreatment effect. 
However,  these methods  involve  high  temperatures  and/or  addition  of  chemicals,  thus  a  high 
energy input, and require corrosion and pressure resistant equipment, resulting in high capital cost 
of the pretreatment. Pretreatment has therefore also been estimated to be one of the most costly 
operations  in  cellulosic  ethanol  production  (Zhang  et  al.,  2013).  Compared  to  mentioned 
pretreatment methods, ensiling requires  less energy and  involves  lower capital costs due to the 
ambient temperature and pressure, all at the expense of  longer reaction time, which  is  ‘free’ as 




increasing attention as a method  for combined  storage and pretreatment. A  review of existing 



























Acid Base   Raw Silage 
  (%)  (Days) (cm)         
a) Corn stover n.a. n.a. n.a. n.a. n.a. n.a. n.a. White rot fungi  AD Yes Yes 
b) Corn stover 46 90 2     Steam Explosion  ES Yes Yes 
c) Corn stover n.a. 21 1-3  +   Laccase ES No  
d) Perennial ryegrass n.a. n.a. n.a. n.a. n.a. n.a. n.a. Thermo-Chemical treatment + NaOH AD No  
e) Sugarcane bagasse, Wood 32 1/28/56 n.a.   
Lactic 
acid  
Soaking SO2,  
Steam explosion ES Yes Yes 
f) 
Maize,  





30 2-3 +    Hydrothermal treatment 
ES 
EF No  
g) Maize n.a. n.a. n.a. n.a. n.a. n.a. n.a. Hydrothermal treatment  EF No  
h) Hemp 25 244 2     Steam pretreatment ES Yes  
i) Hemp n.a. 244 1-2   Formic acid Urea  ES Yes
 Yes 
j) Forage rye, Triticale n.a. 10/90 0.8 +  
Formic 
acid Urea  AD Yes
 Yes/No 





Whole crop maize,  
Hemp,  
Faba bean 
n.a. 90/180 1-2   Formic acid Urea  
ES 
AD Yes Yes/No 
m) Sugar beet pulp n.a. 28 n.a. 8x     ES Yes Yes 
n) Switchgrass Reed canarygrass 40/60 30-180 0.5   H2SO4 Lime  EF No  
o) Maize 28 49 2 + +    AD Yes Yes 
p) Clover grass mix, Italian ryegrass 14/19/29 0/60/120 5 + +    AD Yes Yes/No 
q) 
Barley straw,  
Triticale straw,  
Wheat straw; 
Cotton stalk,  
Triticale hay 

























and ensiled  rice straw. The ethanol conversion yield on  the biomasses  increased slightly due  to 
ensiling from 60% to 63% of the maximal theoretical yield for each substrate. However, the actual 
ethanol  concentration  after  each  fermentation was  exactly  the  same  (Shinozaki  and  Kitamoto, 
2011).  This  highlights  an  important  issue  for  ensiling  as  pretreatment  method  for  biological 










































Oleskowicz‐Popiel  et  al.  (2011)  combined  ensiling  of maize, whole  crop  rye,  and  clover  grass 
mixture, with HTT (190°C, 10 min) and studied the effect of the additional pretreatment on the 
subsequent ethanol yield. The  result showed a significant  increase  from 33%, 27%, and 36% of 
theoretical ethanol yield, to 78%, 73%, and 80%. However, a comparison to HTT of dry biomasses, 
was not carried out.  


















Consolidated  results  & discussions  
The following chapter consists of a thorough review containing the core studies of the PhD project, 
main results and discussions leading to an overall conclusion and outlook. The work is presented in 
a chronological order and  reflects  to a  large extent  the progression of  the project. Parts of  the 
presented work have already been written into manuscripts, and other parts have not. A total of 




with  the same objective gathered under  the same headline. Since  the consolidated  results and 







research  and  development  in  forage  preservation  and  silage  quality  for  animal  feed  to  allow 
multiple treatments and replications in the study. The most common approach of all methods is to 
keep biomass in a container (silo) thereby securing a minimum supply of oxygen for an extended 



















1937) using air  tight  test  tubes or glass  jars and manual compaction of biomass, and a  ‘newer’ 
method based on (MAFF‐33, 1986) using vacuum packaging of the biomass  in plastic. The  latter 
method was optimized by Johnson et al. (2005) using a food packaging vacuum machine and the 




Vacuum was applied by a  food packaging vacuum machine  (Variovac EK10,  (520x560x180 mm)) 




acids  (lactic‐, acetic‐, propionic‐,  formic‐, and butyric acid) as well as monosaccharides  (glucose, 
























of  the  silage  fermentation  (Cherney  and  Cherney,  2003).  In  order  to  gain  a  realistic  ensiling, 


























Factors affecting  pretreatment  effect  (Paper  I)  
The  first study on ensiling as a biological pretreatment method was conducted  in order  to  find 
conditions for ensiling which had an optimal effect on pretreatment. It is well known that biomass 
composition,  initial DM and addition of LAB  inocula, are among  the parameters  that have most 
significant  effect  on  silage  fermentation  (Buxton  et  al.,  2003).  The  objective  of  the  study was 










Four  cuts  of  Festulolium  Hykor  (DLF  TRIFOLIUM,  Denmark)  over  the  growing  season  from 
01.06.2011 to 01.11.2011, were ensiled at three different ranges of DM concentrations (low, 21‐
24%;  medium,  28‐35%;  high,  41‐50%)  and  with  three  different  inocula  treatments,  a 

























of WSC  (Paper  I), but not  for 4th cut which had a  lower amount of WSC, however,  this cut was 

















significantly  higher  amounts  of  lactic  acid  and  resulted  in  a  significantly  lower  pH, which  is  in 
accordance with a homofermentative silage fermentation. The  inconsistent and  lacking effect of 
LAB  inocula for the remaining three cuts suggests that the natural epiphytic bacteria dominated 















dominating  acid  in  all  treatments  and  the main  contribution  to  the  trend of high organic  acid 


















Morrison,  1979;  Singh  et  al.,  1996;  Ren  et  al.,  2007)  and  conflicts  with  the  hypothesis  that 
hemicellulose,  to a certain degree,  is hydrolyzed by organic acids during ensiling. However,  the 
monosaccharide  analysis  of  the  water  extraction,  used  for  silage  quality  analysis  (Figure  11), 
showed small amounts of xylose (<1(w/w)%) as opposed to none in the WSC analysis of the fresh 
grass, thus at least some xylan associated to hemicellulose have been hydrolyzed, but the amount 



















Enzyme  saccharification  of  the  untreated  four  cuts  did,  also  result  in  significant  differences 
between the four cuts. 2nd cut gave the highest glucose yield followed by 1st, 4th, and last 3rd cut 
yielding 9.0, 7.8, 7.5, and 5.5 (w/w)% of DM respectively (Table 5). On the other hand calculation 





Advanced maturity  increases  lignin content concurrently with  the  increase of cellulose content, 








1st cut 2nd cut 3rd cut 4th cut 
Glucose yield, g/100gDM 7.8b ±0.16 9.0a ±0.03 5.5c ±0.15 7.5b ±0.04 







only  improve enzyme hydrolysis at  low DM. Ensiling of 1st cut at high DM gave also  insignificant 











al.,  2011).  The  lower  improvement  for  2nd  cut  is  a  consequence  of  the  already  quite  efficient 
convertibility of the untreated dry grass. 


























induced  by  ensiling was  3.6,  2.3,  2.9,  and  3.5  (w/w)%,  respectively,  and  the  increase  in  other 
monomers (xylose, arabinose, and galactose) are each below 1 (w/w)%. Some WSC are, however, 












grass between  the  four  cuts.  The biomass  composition was  largely determined by  the  relative 
maturity  at  harvest,  and  it was  shown  how  less mature  grass  had  a  higher  level  of  cellulose 




















The obtained  cellulose  convertibilities  after  ensiling  in  the  first  study  (Paper  I)  is  still  very  low 
compared  to more severe pretreatment methods developed  for cellulosic bioethanol. Methods 


















Optimization  of enzyme  blend & Ensiling  with addition of enzymes  (not  published) 











Enzyme  development  in  biomass  hydrolysis  have  largely  been  driven  by  the  development  of 





























Enzymatic hydrolysis of grass and grass  silage  from both 1st and 2nd  cut used  in  (Paper  I), was 
therefore  performed  again  with  varying  Cellic  CTec2®:Cellic  HTec2®  ratios  (9:1;  7:3;  5:5)  and 


































Enzyme type Native function Action sites 
I) Glycosyl hydrolases: 
Endo-xylanase cleaves β-1,4 bond of xylan backbone releasing xylooligomers β-1,4 xylan back bone 
β-Xylosidase cleaves exo β-1,4 bond of xylooligomers releasing xylose β-1,4 xylooligomers
Endo-1,4-mannanase cleaves β-1,4 bond of mannan releasing mannan oligomers β-1,4 mannan 
β-Mannosidase cleaves exo β-1,4 bond of mannan oligomers releasing mannose β-1,4 mannan oligomers 




α-L-Arabinanase cleaves xylooligomers generating arabinose α-1,5-arabinan 
α-D-Glucuronidase cleaves α-1, 2 bond between glucuronic acid side chain substitutions releasing glucuronic acid 
4-O-methyl-α-
glucuronic acid 
II) Carbohydrate esterases:   
Acetyl xylan esterase cleaves acetyl side chain substitutions releasing acetic acid 2- or 3-O-acetyl xylan 































α‐D‐glucuronidase,  which  cleave  arabinan  and  glucoronic  acid  ‐side  chain  substitutions, 
respectively (Table 6), could improve the xylan conversion. This was, however, not carried out in 







this  proved  unsuccessful  and  it  was  therefore  concluded  that  the  problem  calls  for  a  more 




















Pakarinen  et  al.,  2012).  As  mentioned  preveously  Chen  et  al.  (2007)  ensiled  five  biomasses, 
including four agricultural residues (barley‐, triticale‐ and wheat straw, and cotton stalks) and one 
forage crop (triticale hay), with an addition of two commercial enzyme blends (Celluclast+Novozym 
188  and  Spezyme  CP+Multifect  xylanase)  and  found  that  the  ensiling  of  triticale  hay with  the 
addition  of  enzymes  increased  the  amount  of  released  sugars  by  20%  in  subsequent  enzyme 
saccharification, while there was no significant  improvement  for  the agricultural residues. Thus, 
suggesting that the forage type biomass was less recalcitrant and can therefore more successfully 




























The experiment was carried out on 1st cut grass  from 2013, ensiled  in vacuum bags, at  low DM 
(22%) and addition of homofermentative (GP) inocula (8.0 g/kg fresh grass (double the amount as 





















organic  acid  than  the enzyme blank.  This was, however, not  statistically  significant due  to  the 
relative high standard deviations. 







































It  is noteworthy  that only  release and  consumption of glucose and not  xylose, give  rise  to  the 


















enzyme  blend.  It  becomes  therefore more  and more  evident  that  the  hemicellulosic  xylan  in 
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Festulolium hykor and  is highly recalcitrant  to enzymatic attack. The reason  for  the  inaccessible 
xylan  is  believed  to  be  found  in  a  high  complexity  of  branching  and  cross  linkages  in  the 






High  cellulose  conversion  require  considerable  changes  in  the  lignocellulosic  structure.  The 
somewhat  disappointing  result  of  the  optimization  of  cellulose  and  hemicellulose  conversion, 
suggested that ensiling is simply not providing enough structural change to be a sufficiently severe 
pretreatment to pose as a satisfactory pretreatment in itself. 







Wheat  straw  (Paper  II) & grass (Paper III) 
Background 
One  prevailing  pretreatment  concept  based  on  high  temperature  steam  and  no  addition  of 
chemicals has proven to be advantages on numerous parameters, and are applied in several pilot 
and  demonstration  scale  facilities  around  the world  (Galbe  and  Zacchi,  2012).  The  concept  is 
applied to two methods known as hydrothermal treatment (HTT) and steam explosion, where the 
latter involves an additional rapid pressure release to induce mechanical disruption of the biomass, 
and  the  former only applies  the  concurrent pressure of  the high  temperature  steam. A  simple 
approach is advantageous to scale up but at the same time efficient biomass breakdown and low 
inhibitor formation is a requirement.  







enhance  the  acid  hydrolysis  further  and  hemicellulose  is  solubilize.  Additionally  the  high 
temperatures  give  rise  to  a  dislocation  of  lignin  (Hansen  et  al.,  2011).  Both  events  increases 
accessibility to cellulose and facilitate improved enzymatic saccharification. It is likely that ensiling 
in combination with HTT could prove successful. The HTT factors of temperature, holding time and 
pH can be combined  to one  factor expressing  the severity of  the pretreatment. Higher severity 
result in increased biomass breakdown. This gives a better pretreatment until a certain maximum 
from where  degradation  of monosaccharides,  and  thus  inhibitor  formation,  gets  too  high  and 
reduces the overall yield as well as hamper further conversion. 
Reducing pH  through ensiling will  increase  the  severity  factor of  the HTT without changing  the 



















different operating HTT  temperatures, as compared  to dry storage. The choice of applying  two 






























internal process  loop, which utilizes a  share of  the  xylose  from  the  liquid  fraction after HTT  to 
































suggesting  that  efficient  silage  fermentation  of wheat  straw  could  be  achieved with  even  less 
amounts of xylose. Ensiling of grass produced less acetic acid (1.7 (w/w)%) but significantly more 
lactic acid (6.5 (w/w)%), which corresponded to the results of acid production in Paper I of 1st cut 
and  low DM.  The  difference  in  silage  fermentation  is  a  consequence  of  different  inocula  and 
different substrate, which in grass promoted lactic acid production and in wheat straw promoted 
acetic acid.  









Biomass Glucan  Xylan Arabinan Lignin Ash EtOH extractives 
H2O 
extractives 
Wheat straw  40.2 ±0.2 22.3 ±0.1 3.3 ±0.0 18.6 ±1.1 5.2 ±0.2 6.3 ±0.2*  
Wheat straw 
silage 39.7 ±0.0 24.1 ±0.4 2.6 ±0.0 17.5 ±1.2 3.1 ±1.1 2.4 ±0.8 4.6 ±0.1 
Grass 25.2 ±0.9 14.1 ±0.5 2.1 ±0.1 9.3 ±0.1 8.0 ±0.5 11.9 ±0.1 21.1 ±1.1 






cellulose, 10  (w/w)% more hemicellulose and 9  (w/w)% more  lignin, but  the  ratio between  the 
components is nevertheless similar, approximately one half cellulose, one third hemicellulose, and 
one fifth lignin (5:3:2). This might suggest that the different amounts of lignocellulose are equally 





extractives  (Table  7).  Water  extractives  include  WSC  (monomers  and  short  chain  oligomers), 
organic acids, and a large fraction of total crude proteins (Paper I), but will also include minerals 







of  these  carbohydrates,  reduce  ethanol  yield  and  create  significant  amounts  of  inhibitory 
compounds such as HMF, furfural,  levulinic‐ and formic acid.  It was therefore expected that the 















silage  causes  considerably more  solubilisation of hemicellulose, especially at 190°C, which also 
results in a significant hemicellulose degradation of 36% (Figure 20).  
For grass, the hemicellulose solubilisation is not much different between HTT of the ensiled and the 






















possible  glucan  concentration  in  the  fermentation  at  a  certain DM  content  (Galbe and  Zacchi, 














Wheat straw 170 40.3 ±2.4 24.8 ±0.8 2.3 ±0.1 21.3 ±0.1 4.8 ±0.3  88.7 
 180 45.1 ±1.5 25.2 ±0.2 2.0 ±0.0 21.6 ±0.3 4.0 ±0.2  83.4 
 190 50.5 ±0.2 22.4 ±0.4 1.5 ±0.2 23.0 ±0.2 5.0 ±0.2  77.1 
Wheat straw silage 170 40.2 ±1.0 20.1 ±1.3 1.3 ±0.2 23.0 ±0.4 4.2 ±0.0  92.3 
 180 43.2 ±1.0 18.5 ±1.2 1.6 ±0.1 24.5 ±0.4 4.2 ±0.3  85.7 ±3.2 
 190 54.3 ±0.6 11.8 ±0.6 0.4 ±0.0 25.9 ±0.6 4.0 ±0.1  76.5 
Grass 170 31.2 ±0.5 18.7 ±0.4 2.7 ±0.0 18.8 ±0.6 7.4 ±0.5 11.8 ±0.4 75.3 
 180 33.0 ±0.2 17.1 ±0.1 1.8 ±0.1 19.0 ±0.7 8.2 ±0.2 16.4 ±0.5 69.6 
 190 35.0 ±0.4 10.3 ±0.1 1.0 ±0.0 17.0 ±0.6 8.4 ±0.1 22.8 ±0.9 61.6 
Grass silage 170 36.9 ±0.4 19.1 ±0.1 2.7 ±0.0 13.8 ±0.6 7.8 ±0.1 15.4 ±0.2 67.5 
 180 40.6 ±0.0 17.5 ±0.4 1.3 ±0.0 13.5 ±0.1 6.8 ±0.1 18.2 ±0.8 61.5 
 190 42.8 ±1.1 10.0 ±0.2 0.5 ±0.0 13.9 ±0.3 6.8 ±0.0 24.5 ±0.6 58.8 
* The percentage of DM left as solid fraction after HTT pretreatment, based on mass balance over HTT pretreatment. 
 
















loading of 25% and at pH 5,  to start  from 4.0  (w/v)% and 0.3  (w/v)% of  lactic‐ and acetic acid, 
respectively  (Graves et al., 2006). The maximum amount of  lactic‐ and acetic acid  in  the  liquid 
fractions of around 5.07 (w/w)% and 1.52 (w/w)% of raw biomass DM, respectively, corresponds 
to concentrations of 2.05 and 0.65 (w/v)%, respectively, at a solid loading of 25%; and assuming 






Biomass Temp. °C Glucose Xylose Arabinose Lactic acid Acetic acid HMF Furfural 
Wheat straw 170 0.38 0.76 0.25 0.00 0.05 0.001 0.009 
 180 0.62 1.54 0.49 0.00 0.10 0.003 0.025 
  190 0.82 5.18 0.68 0.00 0.21 0.009 0.097 
Wheat straw silage 170 0.37 3.55 0.50 0.27 0.40 0.006 0.086 
 180 0.60 6.55 0.71 0.35 0.58 0.014 0.228 
  190 0.69 7.51 0.80 0.39 0.68 0.023 0.396 
Grass 170 2.40 0.94 0.51 0.02 0.31 0.108 0.002 
 180 3.45 2.76 1.01 0.13 0.59 0.233 0.011 
  190 4.49 7.67 1.69 0.10 1.19 0.407 0.055 
Grass silage 170 0.59 1.89 0.82 3.74 0.94 0.052 0.016 
 180 1.02 5.22 1.23 5.07 1.39 0.083 0.036 
  190 0.97 6.15 0.97 4.65 1.52 0.134 0.079 
 
There was  a  distinctive difference  in  formation of  the degradation products  from  glucose  and 
xylose, HMF and furfural, respectively, between wheat straw and grass. It was observed that the 
ensiling of wheat straw combined with HTT gave increased amounts of furfural, corroborating the 
higher  release of xylose  in  these  treatments.  In contrast, mainly HMF was produced during  the 







Ahring, 2004).  Inhibitors can, on  the other hand, also  function as a contaminant control  in  the 
ethanol fermentation, thus prevent large investments in sterile fermentation equipment (Larsen et 
al., 2012).    






























monosaccharides  considerably,  and  the  results  shown  in  Figure  22  are  thus  from  enzymatic 
saccharification on washed, wet solid fractions. 
The release of glucose in the enzymatic saccharification of dry grass showed high similarity to that 
of dry wheat straw  (Figure 21A and Figure 22A), only distinguished by a  lower yield at  the high 
temperature of 190 °C, and thus a less significant increase from HTT 180 °C to 190 °C for grass. The 
ensiling of grass did however, not have  the  same effective  influence on  the  conversion, as  the 
ensiling of wheat straw had. The glucan convertibility was improved at 170 °C and 180 °C, but only 










38%, 42%, and 44%  for ensiled grass at 170  °C, 180  °C and 190  °C,  respectively.  It  is  therefore 
evident, that grass hemicellulose was more recalcitrant  than wheat straw hemicellulose. Firstly, 
since  less xylan can be converted  in general, and secondly, since the ensiling and the  increased 

















For grass,  it was somewhat unexpected  that ensiling had no effect, as  it was  in contrast  to  the 
results in Paper I. Without additional pretreatment, both grass and grass silage yielded around 7 
(w/w)% glucose per DM (Figure 22A). In Paper I, ensiling improved the yield from 7.8 to 11.4 (w/w)% 









































































utilization of  these  sugars  could entail great difficulties  in  terms of  cellulose  inhibition. Further 
studies  of  the  inhibitory  oligomers  on  the  pretreated  fibers  are  needed  in  order  to  know  the 
implications of this finding. 
 
Table  10: Excess  sugar  release due  to ensiling, after HTT and enzymatic hydrolysis. Presented as weight 
percentages of raw biomass DM 
 
Biomass Temp. °C C6 C5 Total 
Wheat straw 170 13.7 5.9 19.6 
 180 13.0 2.2 15.1 
 190 2.8 -5.0 -2.2 
Grass 170 -3,7 2,5 -1,1 
 180 -1,4 2,0 0,6 





















the  pretreatment  of  the wheat  straw  and  the  grass,  and  the  outcome  turned  out  to  point  in 
separate directions.  
The  results  on  pretreatment  of  wheat  straw,  Paper  II,  confirmed  the  hypothesis  of  higher 
hemicellulose  solubilisation  at  170  °C  and  180  °C,  and  resulted  in  an  improved  cellulose 














fresh  grass  utilized  the  natural WSC  and  had  a  primary  homofermentative  fermentation.  The 
amount and distribution of organic acids were therefore different in wheat straw‐ and grass silage, 
which might have had a significant effect  in the HTT. However the pH was the same  in the two 
















However, as  studies  clearly pointed out, ensiling also  comes with a  cost, and  the effect of  the 
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storage  time of  silage, were  in  fact  also  conducted  (data not  shown).  These  suggested  similar 


















results  in  Paper  III  could  fermentation  tests  were  performed.  On  the  contrary  to  ethanol 
fermentation,  biogas  production  does  not  only  utilize  released  monosaccharides,  but  can 
potentially utilize all other components in the biomass except lignin and minerals.  
Anaerobic digestion  is carried out by a consortium of different bacteria that performs a cascade 
reaction  of  hydrolysis,  acidogenisis,  acetogenisis  and  last methanogenesis,  producing methane 
(Figure  26).  As  it  can  be  seen  on  Figure  26  organic  acids  are  intermediates  in  the  anaerobic 
digestion. This means that biogas production is well suited for ensiling, since it easily can utilize the 
produced organic acids, and therefore the WSC loss is not a drawback. Biogas production of grass 
silage  is  therefore  also  a  common  commercial  practice,  especially  in Germany where  it  is  co‐
digested with maize silage (Prochnow et al., 2009)(Nizami, Korres and Murphy, 2009). 















of  24  hours  at  50  °C where  after  yeast  preculture was  added.  The  yeast was  an  industrial  S. 
cerevisiae  strain  (Ethanol  Red,  Fermentis,  France)  that  was  exclusively  C6  fermenting.  The 
fermentation were monitored by weight  loss, and calculated  into ethanol production  (methanol = 















HTT  at  190  °C  resulting  in  11.7  g/100  g  DM  pretreated  fiber,  corresponding  to  only  46%  of 
theoretical ethanol yield. This is however considerably lower than the theoretical yield on combined 

























Anaerobic  digestion was  performed  on  the  same  biomasses  as  for  ethanol  fermentation,  and 
additionally on the grass and silage from the experiment of ensiling supplemented with cell wall 
degrading enzymes. The experiment was carried out in a batch set‐up at mesophilic conditions (37 


























the  liquid  fractions  from  grass  silage.  Lactic  acid  is  an  easily  converted  substrate  in  biogas 
production in contrast to ethanol fermentation.  
An  interesting  observation was  that  both  grass  and  grass  silage  at HTT  of  190  °C  resulted  in 
significant inhibition of the initial methane production causing a lag phase of 10‐15 days. This was 















however  not  statistically  significant  due  to  high  standard  deviations,  but  the  tendency  was 
nevertheless clear (Figure 29). The results of dry vs. fresh grass match with the general acceptance 
that drying induce additional recalcitrance (Luo and Zhu, 2011). An increased methane potential in 
the  grass  silage  with  added  enzymes  corroborate  the  results  presented  in  Figure  18,  where 












The preliminary anaerobic digestion  study  showed no  significant  improvements of BMP due  to 
ensiling. In fact the methane production curve for grass and grass silage were almost perfectly in 
line. It can therefore be concluded that the ensiling did not provide any pretreatment effect, which 





























The  latter observation was  taken as a hint which  led  to  the next  study; an optimization of  the 
enzymatic saccharification of grass by improving the content of hemicellulase in the enzyme blend. 
However,  neither  additional  xylanases  (Cellic  HTec2®  and  ß‐xylosidase)  nor  hemicellulose 
degrading esterases (ACE and FAE) showed any improvements of xylan or glucan convertibility. It 
was  therefore  suggested  that  the  hemicellulosic  structure  of  Festulolium Hykor was  unusually 
resistant. 
In  an  attempt  to  improve  the  effect  of  pretreatment  during  silage  storage,  several  biomass 
degrading  enzymes  were  added  to  the  grass  before  ensiling.  An  addition  of  cutinase  and  ß‐
xylosidase did not have any effect of pretreatment, and adding hemicellulases (Cellic HTec2®) even 
had a direct negative effect on cellulose  convertibility. The  results  suggested  that  the negative 
effect of Cellic HTec2® was due to significant release of glucose that was utilized during ensiling, 
and therefore, it caused a considerable reduction in available glucan for the subsecuent cellulase 





































 It  is unlikely  that  ensiling  alone  can  act  as  a  sole method of  pretreatment  for  a  sugar 
platform  biorefinery.  This  was  found  since  the  low  improvements  in  this  study 
corroborated the general findings of low levels of cellulose convertibility by ensiling alone 











In  this  regard,  it  should  be  stressed  that  ensiling  is  not  a mere  pretreatment method,  but  an 










hemicellulosic  structure  that  prevented  xylan  conversion.  It  would  therefore  be  extremely 
interesting to study the hemicellulosic structure in more detail and find the reason for the difficult 







Festulolium Hykor  and  separation of  those,  as well  as  lactic  acid production  from  the  ensiling. 









of wheat  straw  could  be  carried  out  decentralized  by  each  farm,  or  alternatively,  be  a more 
controlled continuous process at the biorefinery. The decentralised solution would add value to the 
product for each  farmer and spare the biorefinery of an additional processing and considerable 
storage  space. However, decentralised ensiling would  imply  transportation of high  amounts of 
water due to the low DM (35%) of the wheat straw silage, which could prove to be a costly practise. 
On the other hand, silage could possibly also reduce the bulk density of wheat straw bales, which 
would  increase  the  possible  biomass  loading  on  each  truck,  thus  improving  the  efficiency  of 
biomass  supply.  Selection of  the  right  solution of  implementation  is  case  specific and  requires 
simulation of the different effects in a logistic model, as it has been done by (Shastri et al., 2011). 
Ensiling could also be combined with other kinds of pretreatments. In this regard the combination 








by high DM  loss  in the  fungal treatment, and  for  (Chen et al., 2012), the reaction conditions of 
laccase treatment were not optimal. Thus, further studies are needed to confirm if such a combined 
biological pretreatment would be functional and beneficial. Preliminary results on combined silage 
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a b s t r a c t
Grass biomass is a prospective type of lignocellulosic biomass for bioenergy and fuel
production, but the low dry matter in grass at harvest calls for new pretreatment strategies
for cellulosic conversion. In this study, ensiling was tested as a biological pretreatment
method of the high yielding grass variety Festulolium Hykor. The biomass was harvested in
four cuts over a growing season. Three important factors of ensiling: biomass composition,
dry matter (DM) at ensiling, and inoculation of lactic acid bacteria, were assessed in rela-
tion to subsequent enzymatic cellulose hydrolysis. The organic acid profile after ensiling
was dependant on the composition of the grass and the DM, rather than on the inocula.
High levels of organic acids, notably lactic acid, produced during ensiling improved enzy-
matic cellulose convertibility in the grass biomass. Ensiling of less mature grass gave
higher convertibility. Low DM at ensiling (<25%) resulted in the highest cellulose con-
vertibilities, which ranged from 32 to 70% of the available cellulose in the four cuts after
ensiling. The study confirms that ensiling can enhance cellulose convertibility of green
biomass, and provides new insight to ensiling as a biological pretreatment method for
green biomass conversion.
ª 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Grassland biomass may become an important low cost
lignocellulosic raw material for fuels and chemicals in the
future, as grassland covers about 69% of the world’s
agricultural area [1,2]. Additionally, grassland biomass may
add significant ecological value, including protection against
soil erosion and habitat creation [2]. Cultivation of temperate
grass allows for several harvests (2e4 cuts) during a season
contributing to the high yield. It is well known that the
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chemical composition of grass changes between cuts over the
season and with the stage of maturity at harvest [3,4]. This
aspect has not been thoroughly examined in relation to pro-
cessing of grass biomass for biorefining, but is important to
take into account when assessing grass biomass as a feed-
stock for biofuels or biochemicals, since changes in compo-
sition may affect the processing and product yields to a high
extent.
Another important aspect of a low cost lignocellulosic
biomass supply is efficient storage and pre-processing
methods [5]. The fact that grass is harvested at low dry mat-
ter (DM) typically of 18e20% DM makes dry storage at >90%
DM troublesome. Instead, through ensiling, grass can be
stored at lower DM (20e50%). Ensiling is the classical method
of forage crop preservation optimised throughout the past two
centuries to provide nutrient rich animal feed all year round
[6]. Ensiling encompasses moist solid state anaerobic
fermentation by lactic acid bacteria (LAB). The ensiling in-
volves production of organic acids and a decrease in pH that
consequently prevents growth of fungi, yeasts and bacteria
which may otherwise decompose the carbohydrate structure
in the biomass [7]. Three main factors influence the outcome
of ensiling: (i) Biomass composition; (ii) biomass DM at
ensiling, and (iii) the microbial community responsible for the
fermentation [7].
Silage, the resulting biomass product of ensiling, has
gained increased focus as a biomass feedstock for biofuel
production in recent years [8]. The method poses several po-
tential advantages as opposed to dry storage. The main ad-
vantages include (i) less dependence on dry weather
conditions prior to harvest, hence, better harvest-timing, (ii)
reduced biomass losses during harvest due to less handling
steps and no loss from dust formation, (iii) no need for energy
intensive drying, and (iv) possibilities of combined storage and
pretreatment [9,10]. Combination of storage and pretreatment
at ambient temperature and pressure holds considerable po-
tential cost and energy savings compared to common and
more severe pretreatments of chemical or physiochemical
means [9].
Already 50 years ago Dewar et al. (1963) [11] showed that
during ensiling, hemicellulose from perennial rye was
hydrolysed initially by enzymes extracted from the grass and
during longer storage (7e28 days) by means of acid hydrolysis
at pH 4. These changes in biomass composition suggest that
ensiling may be utilised as a biological pretreatment method
for cellulosic biofuel and biochemicals production.
Four studies on ensiling as a biological pretreatment have
reported results of cellulose conversion through enzymatic
hydrolysis, all with the aim of producing energy carriers of
either ethanol or biogas and the studies have consistently
been reporting improved enzymatic saccharification for the
ensiled biomass [9,12e14].
It is an obvious tenet that the grass biomass composition,
DM, and type of inoculum will influence the ensiling process
as well as the silage quality, which in turn may affect the
subsequent enzymatic cellulose convertibility. Nevertheless,
in the currently available studies, the biomass and the con-
ditions of ensiling have varied considerably, making it difficult
to derive consistent rules for optimal ensiling for lignocellu-
lose pretreatment. The objective of this study was to
investigate the relations of three factors; biomass composi-
tion, initial DM, and addition of LAB inocula, upon enzymatic
saccharification of cellulose after ensiling, using Festulolium
Hykor as the grassland biomass. Festulolium Hykor is a cross-
breed of the temperate grasses tall fescue (Festuca arundinacea)
and perennial rye (Lolium perenne) developed by DLF TRIFO-
LIUM for high yield potential (18 tonne/ha) and high persis-
tency throughout the season. However, the possible influence
of the differences in the grass biomass composition of Festu-
lolium Hykor across different harvests during a season, i.e.
different cuts, on ensiling and silage quality has not been
investigated.
2. Materials and methods
2.1. Raw material
The four cuts of the grass biomass, Festulolium Hykor (DLF
TRIFOLIUM, Denmark), were harvested over the season 2011
(1st cut: 01.06.2011, 2nd cut: 06.07.2011,3rd cut: 20.09.2011,4th
cut: 01.11.2011) from a DLF TRIFOLIUM demo plot, sized
1.5 8mand located in southern Zealand, Denmark (55 200 N,
12 230 E), with a HALDRUP F-55 harvester (Inotec Engineering
GmbH). The grass was collected right after harvest, cut to
2e5 cm pieces and split into four portions. Three of the por-
tions were dried to different DM concentrations by means of
different drying times at 25e30 C (drying time ranged from 2
to 48 h). DM content was monitored by use of a halogen DM
analyser (Mettler Toledo HR83 Halogen) and exact measure-
ments where done according to the standard procedure
developed by the National Renewable Energy Laboratory
(NREL) in the US [15]. The last portion of each cut was dried at
60 C and stored as hay for raw material comparison in
compositional analysis and enzyme hydrolysis (see below).
2.2. LAB inocula
The commercially available inocula LACTISIL Grass plus (GP)
and LACTISIL CCM (CCM) (Chr. Hansen, Hørsholm, Denmark)
were in freeze dried form, prepared individually in a 0.05 g
DM/L water suspension, and added to the grass samples for
ensiling at a level equalling 4.0 mg DM inocula/kg fresh grass
as according to [13].
GP consists of the lactic acid bacteria (LAB) Pediococcus
pentosaceus and Lactobacillus plantarum, which are both
homofermentative. CCM consists of pure Lactobacillus buchneri
which is heterofermentative. Each grass sample was mixed
carefully and thoroughly with each inoculum solution in a
large plastic tray and samples were taken for final DM mea-
surements prior to each ensiling.
2.3. Ensiling
The ensiling was carried out using a vacuum based plastic bag
system according to [16]. A Variovac EK10 vacuum packaging
machine (Variovac Nordic A/S, DK-7100 Vejle, Denmark) and
35  45 cm vacuum bags were used to pack approx. 100 g DM
grass for each treatment.
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2.4. Experimental design
A duplicated 32 experimental design was used to test the ef-
fect of different silage LAB inocula and different DM concen-
trations, and this was carried out on the four cuts of
FestuloliumHykor harvested on 01.06.11, 06.07.11, 20.09.11, and
01.11.11. Three portions of grass at different DM were treated
with two types of commercial inocula against treatment
without inocula (only water added). All treatments were done
in duplicates. A total of 72 bags were prepared and stored at
room temperature. DM contents were 21, 31 and 41% for the
1st cut, 23, 35 and 50% for the 2nd cut, 24, 28 and 43% for the
3rd cut and 22, 34 and 49% for the 4th cut. Storage times were
46, 48, 49 and 49 days for all samples from the respective cuts.
2.5. Chemical analysis
2.5.1. Quantitative analyses of monosaccharides and organic
acids
After a two-step H2SO4 hydrolysis of the biomass
according to [17] concentrations of carbohydrates
(D-glucose, D-xylose, L-arabinose, L-rhamnose, D-galactose,
D-mannose and D-fructose) were quantified by High Pressure
Liquid Chromatography (HPLC) (Shimadzu Corp., Kyoto,
Japan) using an HPX-87P column (BioRad) (Hercules, CA;
USA) and refractive index (RI) detection, at 80 C using water
as eluent, 0.5 ml/min. Organic acids (lactic-, formic-, acetic-,
propionic, and butyric acid) were quantified by HPLC using a
Biorad HPX-87H column (Hercules, CA; USA), RI detection,
63 C and 4 mM H2SO4 as eluent, 0.6 ml/min. Cellulose
content were calculated as 90% of D-glucose content and
hemicellulose content as 88% of the D-xylose plus 88% of
L-arabinose plus 90% of D-galactose.
2.5.2. DM/ash
The DM and ash analyses were done according to NREL
standard laboratory analytical procedures based on oven dry
matter measurements [15]. Since silage biomass contains
large amounts of volatile compounds, it is critical to correct
the measured oven-DM (at 105 C) for loss of volatiles, to
obtain the true DM. The measurements were therefore cor-
rected using coefficients according to Ref. [18].
2.5.3. Water extraction
Aliquots of 0.3e0.4 g DMbiomass from freshly disrupted silage
bagswere extracted in 10mlMilliQ H2O containing canamycin
(0.1 mg/ml) to prevent microbial activity during extraction.
The extraction samples were shaken for 2 h at 25 C and
150 rpm. Extracts were analysed for sugars and acids by HPLC
as described above. The biomass fibres were freeze dried and
weighed to determine the amount of extractives. The levels of
water and ethanol extractives were used as a measure of
relative maturity in-between cuts [19].
2.5.4. Weak acid hydrolysis of water extract
One step acid hydrolysis was performed on the extract to
quantify the content of soluble oligomer carbohydrates. Ex-
tracts were autoclaved for 10 min at 121 C with 4 w/w%
H2SO4. Derived monosaccharides were analysed by HPLC as
described above.
2.5.5. Ethanol extraction
Lipophilic extraction was done by Soxhlet extraction in a
reflux condenser for 6 h with 99% ethanol. The amount of
ethanol extractives, including volatiles, was defined as the
mass of material lost through extraction.
2.5.6. Lignin
Lignin content of the extracted bio residue was assessed a
two-step H2SO4 hydrolysis according to [17].
2.5.7. Total N-determination
Thebiomass sampleswereprepared for protein determination
by wet milling in a Mannesmann wet mill (Remscheid, Ger-
many) of a 1 g DM/l H2O solution to a particle size of 50 mm.
Total nitrogen was measured using a kit from Hach Lange
GmbH (Germany); Total Nitrogen LCK 138 (detection range:
1e16 mg N L1). The protein content was calculated by multi-
plying the nitrogen content with 5.6 according to Ref. [20].
2.6. Enzymatic hydrolysis
The enzymatic hydrolysis was done at 1.6% DM (w/v) in a total
volume of 25ml using 50mM citrate buffer at pH 5.0 with 0.4%
w/w sodium azide. Commercially available cellulolytic and
hemicellulolytic enzyme preparations, CellicCTec2 and
HTec2, from Novozymes A/S (Bagsværd, Denmark) were used
in a 9/1 ratio and added at 10% enzyme/substrate (w/w cel-
lulose). CellicCTec2 is a commercial cellulase preparation
based on the cellulase complex produced by Trichoderma reesei
containing at least the two main cellobiohydrolases EC
3.2.1.91 (Cel6A and Cel7A), five different endo-1,4b-glucanases
EC 3.2.1.4 (Cel7B, Cel5A, Cel12A, Cel61A, and Cel45A), b-
glucosidase EC 3.2.1.21, and a b-xylosidase (EC 3.2.1.37) in
addition to particular proprietary hydrolysis-boosting pro-
teins. CellicHTec2 mainly contains endo-1,4b-xylanase ac-
tivity (EC 3.2.1.8), but also contains cellulase activity.
Treatments were done during shaking for 72 h at 50 C. The
enzymatic hydrolysis was done in triplicate and enzyme
blanks were also analysed. Hydrolysates were analysed for
glucose levels on HPLC and the glucose yield (GY) is presented
per DMoriginal grass biomass. Both ensiled and raw grasswas
extracted in H2O prior to the enzymatic hydrolysis to avoid
interference from free sugars on the results for cellulose
convertibility. Cellulose convertibility (CC) was calculated as
the converted cellulose (derived from GY) divided by the
original cellulose content (Equation (1)). A relative improve-
ment ratio of the cellulose convertibility as compared to that
for dry grass was also calculated to express the ensiling pre-
treatment effect (Equation (2)).







One-way analyses of variances (one-way ANOVA): 95% confi-
dence intervals were compared as TukeyeKramer intervals
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calculated from pooled standard deviations (Minitab Statisti-
cal Software, AddisoneWesley, Reading, MA). Statistical sig-
nificance of linear correlations was tested by the
doseeresponse F-test at 95% confidence level [21].
3. Results and discussion
3.1. Characterisation of grass
3.1.1. Composition and grass maturity
The constituents of the chemical composition were grouped,
according to the one-way ANOVA, in order to differentiate
between the four cuts of grass (Table 1). The grouping revealed
that 1st and 3rd cut had comparable compositions with all
constituents except ash falling in the same group, while 2nd
and 4th cut differentiated by having lower contents of cellu-
lose and lignin and higher contents of extractives.
As grass matures the proportion of secondary cell walls
increases and the fraction of non-structural cell contents
decreases [22]. The total amounts of extractives are therefore
a measure of relative maturity [19]. Thus, the four cuts rep-
resented different stages of maturity at harvest. 1st and 3rd
cut had a similar and more advanced maturity than the 2nd
cut, and the 4th cut having highest total extractives and
lowest content of lignocellulosics, was the least mature at
harvest. The higher content of extractives for the less mature
2nd and 4th cut, could be distinguished by a high concen-
tration of water soluble carbohydrates (WSC) in 2nd cut (10
w/w% DM), and a high concentration of crude protein for 4th
cut (21 w/w% DM) (Table 1). WSC does generally not directly
correlate with maturity, but low production of WSC is often
seen in late season growths [4]. Crude protein on the other
hand, has been shown to decrease with advancing maturity
for spring and summer growths, while late autumn growths
usually have high, constant levels [4,23]. The compositional
differences found between the four cuts of the grass were
coherent with observations done at harvest. It was thus
noted that 1st and 3rd cut both had met flowering stage
whereas 2nd and 4th cut had not, and that the 4th cut con-
sisted primarily of leaves.
The four cuts of Festulolium Hykor in this study represent
an example of the seasonal change that a biomass producer or
biorefinery operator can expect whenworkingwith temperate
grass. Seasonal change, representing the repeating annual
variations in solar radiation, temperature, wind and rain, lead
to natural differences between the different cuts. The growth
season in 2011 (in Denmark) suffered from unusually high
amounts of rain in the summermonths (Table 2). The unusual
rainfall influenced the timing of harvest, resulting in a slightly
late 1st cut and amuch delayed 3rd cut. In turn this resulted in
a relatively highmaturity of the 1st and 3rd cut as compared to
the standard cutting strategy for the demo-plots at DLF
Trifolium, which is optimised for feed quality of the grass
biomass.
The maturity is, as reflected in the results (Table 1), a key
parameter for the chemical composition. The exact harvest
date is therefore important in grass managing systems. The
increased proportion of secondary cell walls in mature grass
increases recalcitrance and decreases cellulose convertibility.
This effect is primarily due to increased lignin content and
cross-linkages between lignin and structural carbohydrates
[24,25].
Keating and O’Kiely [4] studied the effect of maturity on
different cuts of re-grown perennial rye grass and found that
increased maturity decreased the DM digestibility in in vivo
animal feed experiments, which indicated increased recalci-
trance to microbial degradation. The compositions were in
general comparable to previous published data of temperate
grass like Festulolium Hykor [19]. The compositional relations
between cuts of different maturity also match the general
knowledge of grass growth and maturation [19].
Table 1 e Composition of four cuts of Festulolium Hykor 2011. Numbers are presented as w/w% of DM. The results in each
row are grouped according to significance (p< 0.05), where ‘a’ is significantly higher than ‘b’ and so forth.
1st cut 2nd cut 3rd cut 4th cut
Cellulose 27.5a  0.98 22.2b  0.56 25.6a  0.30 15.9c  0.10
Hemicellulose 18.1a  0.40 15.3a  0.39 16.2a  0.31 10.9b  0.04
Lignin 10.4a  0.51 7.6b  0.33 9.4a  0.35 4.8c  1.16
Ash 6.5c  0.24 7.2c  0.13 8.9b  0.02 11.5a  0.02
Ethanol extractives 11.8c  0.54 16.3b  0.24 12.9c  0.89 21.2a  1.98
Water extractives 23.2b  1.59 29.3a  0.02 23.0b  1.44 29.1a  0.34
Soluble carbohydrates 6.1b  0.03 10.3a  0.23 4.1b  0.06 4.6b  0.18
Soluble crude protein 4.4b  0.02 5.2b  0.17 4.6b  0.17 10.7a  0.12
Total crude protein 6.3b  0.07 8.0b  0.30 7.6b  0.19 21.1a  0.50
Table 2 e Average weather conditions for Denmark 2011, when grass was harvested: spring (March, April, May), summer
(June, July, August), fall (September, October). In parentheses: the average norm (1961e1990).
April May June July August September October
Temperature (C) 9.9 (5.7) 11.4 (10.8) 15.1 (14.3) 16.4 (15.6) 16.1 (15.7) 14.1 (12.7) 9.8 (9.1)
Rainfall (mm) 16 (41) 54 (48) 75 (55) 113 (66) 132 (67) 92 (73) 61 (76)
Sun (h) 253 (162) 239 (209) 252 (209) 171 (196) 150 (186) 135 (128) 130 (87)
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3.2. Acid production during ensiling
Each cut of grass responded differently to the experimental
ensiling factors, giving four different patterns of organic acid
production (Fig. 1). The organic acid concentration was high-
est for low DM treatments of the less mature grass samples
(2nd and 4th cut), reaching around 10 (w/w)%, but in both
cases the organic acid production decreased considerably
with higher DM. Ensiling of themoremature grass (1st and 3rd
cut) resulted in less total organic acid production at low DM
and the concentration decreased less significantly with DM.
3.2.1. Water soluble carbohydrates
The water soluble carbohydrates (WSC), which in temperate
grass consist of fructose, glucose, sucrose and fructans [26],
constitute the metabolic substrate pool for the ensiling. Suf-
ficient WSC is therefore a prerequisite for successful silage
fermentation. The concentration of WSC in the four cuts did
not correlate directlywith the production of organic acids. The
significantly higher WSC level found in the 2nd cut gave the
same levels of total organic acids as the 4th cut, which con-
tained less than half the amount of WSC (Fig. 1). In the main
fermentation phase of ensiling the bacteria rapidly consume
readily available simple sugars as well as fructose from
hydrolysed fructan which in temperate grasses is degraded by
the plant enzyme fructan exohydrolase [27]. If the fermenta-
tion has not yet reached the stable anaerobic storage phase
after the WSC are metabolised then other substances will act
as substrate. Thus hydrolysed structural carbohydrates, pri-
marily from hemicellulose, or amino acids from denatured
proteins, will be the new source [11,26]. In the current study,
the acid production varied differently in response to the
amount ofWSC available in the fresh grass. Some, namely the
silage samples of 3rd and 4th cut, had a higher acid production
than what could maximally be produced from the initial WSC
content. For the 1st cut a higher acid production only occurred
for the three low DM silage samples, and for the 2nd cut the
amount of acids produced only exceeded the WSC content in
fresh grass of the CCM inoculated, low DM silage sample.
These samples have therefore, utilised other substrates like
degraded hemicelluloses. The finding that the response to
WSC levels was not consistent across the different cuts,
underscored that the total composition of the grass rather
than the content of WSC determined the outcome of the
ensiling.
3.2.2. pH response
In general, the pH dropped according to organic acid produc-
tion, in particular according to the concentration of lactic acid,
which is also in accordance with its lower pKa of 3.1. Low DM
silage, especially for 2nd and 4th cut, reached the lowest pH
during ensiling of around 4, whereas pH for the high DM si-
lages reached levels around pH 5.5 for 2nd and 4th cut samples
(Fig. 1). The latter results were in accordance with the lower
production of organic acids. However, both lactic and acetic
acid were in fact produced during the ensiling of the 4th cut at
high DM, and moreover in comparable amounts to silage
samples from the 1st cut which resulted in significantly lower
pH values (around 4.6). Consequently grass from the 4th cut





















































































21% 31% 41% 23% 35% 50% 24% 28% 43% 22% 34% 49%












Fig. 1 e Organic acids and pH after ensiling; analysed in water extractions of silage grass. Four cuts of grass ensiled at three
levels of DM (in percentage) and three inocula treatments Inocula: CCM: LACTISIL CCM (containing Lactobacillus buchneri),
GP: LACTISIL GP (containing Pediococcus pentosaceus and Lactobacillus plantarum), water: no addition of LAB.
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reason for this is most likely the high content of crude protein
in the 4th cut (Table 1) that is known to facilitate buffer ca-
pacity towards silage fermentation [23].
3.2.3. Inocula
The type of inoculum caused significant differences in acid
production in only 6 out of 12 cases within same cut and same
DM (1st cut lowDM; 2nd cut lowDM; 2nd cutmediumDM; and
all three DM’s of 3rd cut) (Fig. 1). For the 3rd cut the GP inoc-
ulum clearly improved the ensiling as measured by lactic acid
production across the different DM concentrations. However,
any such effect was not consistent across the four cuts, thus
addition of an inoculum did not affect the silage fermentation
under the experimental conditions used in this study. Lactic
acid bacteria can be divided into two groups according to their
carbohydrate metabolism, the homo- and the hetero-
fermentative, the latter producing lactic and acetic acid,
ethanol and carbon dioxide, the former producing only lactic
acid [7]. Homofermentative ensiling is more efficient due to a
more rapid pH drop and therefore faster preservation, while
heterofermentative ensiling provides better resilience against
spoilage of the silage [3]. It was thus somewhat surprising that
the inocula did not affect the acid production of the ensiling to
a larger extent despite the categorical differences in the types
of microorganisms within the inocula. An explanation for the
inconsistent effect of inoculum is obviously that the natural
epiphytic organisms on the grass dominated the fermentation
processes to a large extent. Accordingly, the inoculated
amount may have been too low to dominate the silage
fermentations.
3.2.4. DM
DM at ensiling has been shown in several studies to be a main
control factor affecting the microbial activity in the fermen-
tation, and therefore affecting silage quality [28,29]. The re-
sults in Fig. 1 indicate a negative correlation between DM at
ensiling and the production of organic acids during storage.
Lactic acid concentration was found to decrease linearly with
increasing DM ( p < 0.05) (Fig. 2A). The acetic acid and propi-
onic acid concentrations were also decreasing with increasing
DM at ensiling, however much less than what was seen for
lactic acid, and the linear correlations were not statistically
significant ( p > 0.05). Relatively large differences were found
in the correlation between total organic acids and DM for the
four cuts in-between (Fig. 2B) suggesting that chemical
composition and thereby maturity and seasonal change had a
huge impact on the results. The production of organic acid did,
however decrease at higher DM for each cut (Fig. 2B) but linear
correlation did only prove significant ( p< 0.05) for the 4th cut.
The slope of the decrease was higher for the more immature
2nd and 4th cut compared to 1st and 3rd, however more data




Results of the glucose yield (GY), representing the amount of
glucose released per biomass DM, and the cellulose convert-
ibility (CC), representing the converted cellulose yield as
percentage of the total cellulose, were calculated for dry grass
from each of the four cuts (Fig. 3A and B). The grass from 2nd
cut gave the significantly (0.05) highest GY of 9.0 w/w% DM
followed by 1st and 4th cut, which yielded 7.8 and 7.5 w/w%
DM, and last 3rd cut with 5.5 w/w% DM (Fig. 3A). Thus a
combination of less mature grass and relatively high cellulose
content gave highest GY. Nevertheless, the CC results of the
dried grass (Fig. 3B) show how the low cellulose content of the
4th cut grass led to a higher CC for 4th cut than 2nd cut.
Comparing the enzymatic hydrolysis of the four dried grasses
showed that the mature grass of 1st and 3rd cut was more
recalcitrant in terms of cellulose hydrolysis than the less





































Fig. 2 e A. Main organic acids vs. DM; test of statistical
significance of linear correlations ( p [ 0.05): lactic acid is
significantly correlated; acetic acid is not correlated;
propionic acid is not correlated. B. Total organic acids vs.
DM, for four cuts; test of statistical significance of linear
correlations (p< 0.05): 1st cut: no correlation; 2nd cut: no
correlation; 3rd cut: no correlation; 4th cut: significant
correlation.
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Both seasonal change and maturity contributed to the
different chemical compositions of the four cuts, and even
though the experimental setup did not include a detailed
study of maturity, the fact that Festulolium Hykor was cut at
different stages of maturity contributed considerably to the
result of the study as a whole.
As seen in the current study cellulose content increased
with advanced grass maturity, but likewise did lignin, conse-
quently increasing lignocellulosic recalcitrance. The trade of
high cellulose content is therefore related with decreasing
cellulose convertibility in the enzymatic hydrolysis, thus
resulting in less released sugars overall. This counter-relation
suggests that there is an optimum stage of maturity for grass,
where cellulose content and convertibility results in an
optimal sugar release.
The findings related to maturity and enzymatic hydrolysis
are in line with a study by Ding et al. [30] concerning the
nanoscale architecture of plant cell walls and its direct influ-
ence on enzymatic degradation. In this study it was concluded
that poor degradation of lignified cell walls was due to
blocking of the enzymatic binding to the hydrophobic planar
face of the cellulosemicrofibrils. Harvesting grass at an earlier
growth stage, before a high degree of lignin deposition occurs
during elongation, may therefore increase accessibility and
productive binding of the cellulosic enzymes and increase
degradation. Thus, maturity should definitely be a key
Fig. 3 e Enzymatic hydrolysis of dry and silage grass. A: Glucose yield (GY) w/w% of DM; B: Cellulose convertibility (CC), %; C:
Relative improvement ratio: cellulose convertibility of silage compared to that for dried grass.
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parameter in grass managing systems for any lignocellulosic
biofuel/biorefinery operation.
3.3.2. Effect of ensiling on enzymatic hydrolysis
The pretreatment effect of ensiling was measured by enzy-
matic hydrolysis and the GY and CC were compared to that of
the dried grass (Fig. 3A and B). The GY results clearly show that
ensiling had a positive effect on the sugar release by generally
yielding higher amounts of sugar per g biomass DM. For all
cuts the low DM silage treatments gave higher GYs than the
high DM silage treatments. However, as discussed above the
compositional differences of the grasses caused deviations
between the four cuts. The major differences between the cut
were that ensiling of 4th cut at medium and high DM also
resulted in relatively high GYs as opposed to the other cuts,
and 3rd cut silage generally resulted in lower GY, also at low
DM. On the other hand, both the 1st, 2nd, and 4th cut resulted
in similar maximum GYs, around 11 w/w% DM regardless of
the GY of the appertaining dry grass. LAB inocula did not have
a consistent and significant effect on GY, as it was also the
case for the silage fermentation.
When translated into CC, the picture changed due to the
different cellulose content in the four cuts (Fig. 3B). 4th cut had
the highest CC of 69% followed by 2nd, 1st and last 4th cut of
50%, 40%, and 32%, respectively, all at low DM and averaged
over inoculum. In coherence with CCs of the dried grass the
less mature cuts had higher CCs.
The CCs of the silage samples were compared to the CCs of
the dried grass and a relative improvement ratio was calcu-
lated (Fig. 3C). Here it is even clearer that low DM gave better
results than high DM across the four cuts. The highest im-
provements were found for 1st and 3rd cut of 1.40 and 1.42,
respectively and averaged over inocula. 2nd and 4th also
improved the CC but not by as much, 1.23 and 1.35 respec-
tively (Fig. 3C). The only silage treatments which did not
improve the enzymatic hydrolysis were at medium and high
DM ensiling of 2nd cut.
The enzymatic hydrolysis results matched the levels ob-
tained in previous studies including CC of ensiled green bio-
masses such as clover-grass and reed canary grass [12,13].
Ensiling of these biomasses was found to facilitate a CC of 42%
and 30% respectively, which in the case of clover-grass were
an improvement ratio of 1.47. This level matches the
maximum relative improvements obtained for the low DM
ensilage of 1st and 3rd cut in this study.
The results from the enzymatic hydrolysis correlated with
the organic acid production in the silage treatments, and the
data consistently indicated that high concentration of acids in
the silage increased the pretreatment effect (Fig. 4A, B and C).
The trend could however not reach statistical significance of a
linear correlation, most likely because the variation in the
level of hydrolysis between the four cuts diminished the sta-
tistical significance of the linear correlations.
The results of higher concentrations of hydrolysing organic
acids produced at lower DM (Figs. 2 and 4) corroborate that the
pretreatment effect of ensiling improves at lower DM. This
also confirm the findings of previous research [9,11e14] that
the organic acids produced during ensiling promotes a gentle
hydrolysis of lignocellulosic structures, which in turn appear
to increase the access of the cellulosic enzymes to the
cellulose. Furthermore the present study demonstrates that
maximising organic acid production in the silage, by ensiling
at low DM, leads to a better pretreatment effect.
The level of GY’s and CC’s found for ensiling in this study,
did however not match the performance of more severe pre-
treatmentmethods. Preliminary studies, by the authors, using




































































Fig. 4 e Enzymatic hydrolysis and total organic acid. A:
Total organic acids vs. Glucose yield, w/w% of DM; B: Total
organic acids vs. Cellulose convertibility (CC), %; C: Total
organic acids vs. Relative improvement ratio, cellulose
convertibility of silage compared to that for dried grass.
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[31], in itself gave close to total convertibility of cellulose (data
not shown). The conditions of ensiling are apparently not
severe enough to reach such high conversion. Opportunities
for further optimisation could include addition of structure
specific enzymes to the ensiling and/or development of better
enzymatic blends adapted to silage grass. Further, more
detailed studies of the fate of the cell wall materials during
ensiling are required. Ensiling could also be combined with
other more severe pretreatments and used as a pre-
pretreatment. Ensiling is a promising method but can at this
point not stand alone.
4. Conclusions
The abundant production, high annual yields, and low envi-
ronmental impact of grasses like Festulolium Hykor, and the
benefits of low DM storage simultaneously with a pretreat-
ment effect, make ensiling of grass a promising technology for
a future biobased production of fuels and chemicals from
green biomass. The results from this study confirm and
expand the knowledge on the subject of using ensiling as a
biological pretreatment method.
 Ensiling improved cellulose convertibility compared to dry
storage, through acid hydrolysis of the lignocellulosic
matrix.
 Dry matter and chemical composition of the biomass
affected the ensiling which affected cellulose convertibility.
 Low DM ensiling (<25%) resulted in highest glucose yield
and cellulose convertibility for all cuts of grass.
 The composition is largely determined by the maturity; less
mature grass resulted in higher cellulose convertibility both
with and without ensiling, due to the lower lignin content.
However, lessmature grass also has lower cellulose content.
This suggests an optimumstage ofmaturity for grass, where
cellulose content and convertibility results in an optimal
sugar release.
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Ensiling of wheat straw decreases the required
temperature in hydrothermal pretreatment
Morten Ambye-Jensen, Sune Tjalfe Thomsen, Zsófia Kádár* and Anne S Meyer
Abstract
Background: Ensiling is a well-known method for preserving green biomasses through anaerobic production of
organic acids by lactic acid bacteria. In this study, wheat straw is subjected to ensiling in combination with
hydrothermal treatment as a combined pretreatment method, taking advantage of the produced organic acids.
Results: Ensiling for 4 weeks was accomplished in a vacuum bag system after addition of an inoculum of
Lactobacillus buchneri and 7% w/w xylose to wheat straw biomass at 35% final dry matter. Both glucan and xylan
were preserved, and the DM loss after ensiling was less than 0.5%. When comparing hydrothermally treated wheat
straw (170, 180 and 190°C) with hydrothermally treated ensiled wheat straw (same temperatures), several positive
effects of ensiling were revealed. Glucan was up-concentrated in the solid fraction and the solubilisation of
hemicellulose was significantly increased.
Subsequent enzymatic hydrolysis of the solid fractions showed that ensiling significantly improved the effect of
pretreatment, especially at the lower temperatures of 170 and 180°C.
The overall glucose yields after pretreatments of ensiled wheat straw were higher than for non-ensiled wheat straw
hydrothermally treated at 190°C, namely 74-81% of the theoretical maximum glucose in the raw material, which
was ~1.8 times better than the corresponding yields for the non-ensiled straw pretreated at 170 or 180°C. The
highest overall conversion of combined glucose and xylose was achieved for ensiled wheat straw hydrothermally
treated at 180°C, with overall glucose yield of 78% and overall conversion yield of xylose of 87%.
Conclusions: Ensiling of wheat straw is shown to be an effective pre-step to hydrothermal treatment, and can give
rise to a welcomed decrease of process temperature in hydrothermal treatments, thereby potentially having a
positive effect on large scale pretreatment costs.
Keywords: Silage, Ensiling, Combined pretreatment, Hydrothermal treatment, Wheat straw, Enzymatic hydrolysis
Background
Lignocellulosic residues such as wheat straw (WS) are
an attractive renewable resource for the production of
fuel, feed and chemicals. Wheat is the most important
crop in the EU with an annual average production of
over 130 Mt grain [1] and around 200 Mt of straw resi-
dues (using a residue to product factor of 1.5 according
to [2]). Replacement of conventional sugar or starch
based feedstock with lignocellulosic agricultural resi-
dues, such as WS, for ethanol production is advanta-
geous due to a more efficient use of the agricultural
area. However, lignocellulosic residues require more
advanced processing technologies. Lignocellulose con-
sists of the polysaccharides cellulose and hemicellulose
and the polyphenolic structure of lignin; together
forming a rigid matrix structure in the secondary plant
cell wall. This structure is naturally ‘engineered’ to resist
degradation, thus creating great challenges in terms of
biorefining. Physical and chemical pretreatments have
been developed for lignocellulosic biomass in order to
create accessibility for hydrolytic enzymes to hydrolyze
the polysaccharides into readily fermentable sugars [3].
Bioethanol production from lignocellulosic residues has
been the main driver for the technology development,
and production is now on the verge of industrialization
[4]. However the industry is facing huge difficulties in
creating enough economic viability to engage in full
scale production [5]. Pretreatment have been shown to
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cover up to 33% of the processing costs [6-9]. The pretreat-
ment step is most often based on hydrothermal principles
of high temperatures (170-220°C) in aqueous solution, and
is the most energy intensive and expensive process step in
the lignocellulose to ethanol process, due to the need of
high temperature, pressure, and/or chemicals as well as
specialized equipment. Examples of pretreatment methods
are hydrothermal treatment (HTT), dilute acid treatment
(using H2SO4), and ammonia fiber explosion. HTT has
been widely studied for pretreatment of WS and other
cellulosic biomasses, where it facilitates high yields of en-
zymatic cellulose conversion (70-90%) and its simple ap-
proach without additives makes it advantageous to upscale
[5,8,10,11] In the current Inbicon demonstration plant in
Kalundborg, Denmark [5] the straw is hydrated to a dry
matter (DM) mass fraction of 35% before it is continuously
fed to a pressurized pretreatment reactor operating at 180-
200°C for a retention time of 10-20 min [5]. Considering
the low feed-in DM for lignocellulosic bioethanol, dry bio-
mass storage processing is no longer an advantage as com-
pared to traditional combustion. Furthermore drying of
biomass increases the biomass recalcitrance towards bio-
logical degradation [12]. Alternatively wet storage (<40%
DM) can be applied using ensiling.
Ensiling is the well-known preservation method for
forages, based on anaerobic fermentation by lactic acid
bacteria (LAB) that produce organic acids, reduce pH,
and prevent growth of yeasts, fungi and competing bac-
teria. Lignocellulosic residues including WS, do not have
sufficient available sugars to facilitate the necessary lactic
acid fermentation required for preservation at low DM.
Organic acids can be added directly instead of LAB fer-
mentation [13], lignocellulytic enzymes can be applied to
release fermentable carbohydrates from the lignocellu-
lose [6], or sugars can be added as substrate for LAB fer-
mentation [14]. This study applies the latter of the three
strategies. The species of LAB are usually separated into
homo- and heterofermentative LAB based on their type
of hexose fermentation. The homofermentative utilizes
the Empden-Meyerhof-Parnas pathway and produces
only lactic acid, while the heterofermentative utilizes the
phosphoketolase pathway and produce lactic- and acetic
acid, ethanol and carbon dioxide [15]. However when
pentoses are used as fermentation substrate, then both
types of LAB may produce both lactic- and acetic acid,
see Eq. 1, but variation do occur [16,17].
Pentose Lacti cacid Aceti cacid
HOCH2 CH OHð Þð Þ3CHO → CH3CH OHð ÞCOOH þ CH3COOH ð1Þ
Ensiling has in the last 6 years gained increased focus
as a method for combined storage and pretreatment in
biorefinery applications [6,18-24]. Based on studies of
grass ensiling for forage purposes [25], the effect of
ensiling as pretreatment is known to be correlated to
the produced organic acids that act primarily on
hemicellulose.
Oleskowicz-Popiel et al. [26] combined ensiling with
HTT (190°C, 10 min) on maize, clover grass, and whole
crop rye, which all contain easily fermentable free sugars,
however they were not able to prove a positive effect of
the ensiling. Xu et al. [27] studied the effect of adding
lactic- and/or acetic acid to the hydrothermal pretreat-
ment of dry corn stover and found that addition of acetic
acid performed better as a catalyst than lactic acid, and in-
creased the ethanol yield in a subsequent simultaneous
saccharification and fermentation from 78% to 87% of the
theoretical yield [27].
The pretreatment factors of temperature, holding time
and pH, are often combined to one factor expressing the
severity of the pretreatment [28]. Reducing pH through
ensiling will increase the severity factor of the pretreat-
ment at same temperature and holding time, thus higher
severity would result in higher sugar release. It has how-
ever been shown by Pedersen et al. [29] that the use of
the one dimensional severity factor to predict sugar
yields is not reliable, because lignocellulosic pretreat-
ment is much too complex.
Based on the hypothesis that the acid produced during
ensiling can assist pretreatment, the aim of this study is
to investigate the effect of ensiling prior to HTT in order
to decrease pretreatment temperature and thereby de-
crease energy consumption. The ensiling is facilitated by
addition of xylose and a heterofermentative LAB inocu-
lum, which will favor acetic acid production in the silage.
The motivation for using xylose as silage fermentation
substrate is the availability of cheap C5 sugars in internal
biorefinery process streams such as C5 molasses con-
densed from a HTT liquid fraction.
Results and discussion
Ensiling wheat straw
Ensiling of WS successfully preserved the biomass, re-
sulting in only 0.35% loss in total DM and produced
both acetic and lactic acid which caused the pH to drop
from 7.0 to 3.7 (Table 1). The addition of 7 (w/w)% xy-
lose resulted in 2.8 (w/w)% acetic acid and 2.4 (w/w)%
lactic acid weight base in relation to the initial WS DM
before ensiling. Over 1% of the added xylose was recov-
ered, thus preservation can be carried out with less
addition of xylose. Following Eq. 1 and assuming xylose
were the only substrate, it can be calculated that 6 (w/w)%
of utilized xylose would yield 3.6 (w/w)% lactic acid and
2.4 (w/w)% acetic acid. This is presumably due to the in-
oculum of Lactobacillus büchneri which is capable of a
secondary fermentation where lactic acid is converted to
acetic acid, thus shifting the ratio between acetic- and
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lactic acid [30,31]. The motive to favor acetic acid to lactic
acid is that it increases the effect of pretreatment [27].
Production of propionic acid and xylitol (Table 1) is due
to minor secondary fermentations, which are still occur-
ring during the stable phase of the ensiling. These second-
ary reactions can be carried out by a variety of acid
tolerant microorganisms such as LAB, Clostridium-, Bacil-
lus- or Propioni bacteria. It is well documented that sec-
ondary fermentation often utilizes other carbon sources
than sugars including fatty acids, alcohols and amino acids
derived from plant proteins [16]. This complicates the
mass balance when products become substrates, for ex-
ample parts of the produced lactic acid has most likely
been further metabolized into propionic acid.
The ensiled wheat straw (EWS) was also analyzed for
butyric acid, since butyric acidusually is due to presence
of Clostridium bacteria and is a common indicator of in-
sufficient preservation. The amounts detected were how-
ever below 0.01 (w/w)%, showing efficient preservation.
It was not possible in this experimental setup to distin-
guish between leftover xylose and the xylose released from
hemicellulose. Preliminary experiments have shown xylose
release during WS ensiling (unpublished observation, M.
Ambye-Jensen and S. T. Thomsen), but in amounts less
than 0.1 (w/w)%. It is therefore assumed that the released
xylose only counts for a negligible fraction compared to
leftover xylose. No arabinose was found in the water ex-
tractions and only insignificant amounts of released glu-
cose were detected (Table 1).
The DM loss during ensiling was very limited and
measured to below 0.5%. This was due to a fast and ef-
fective preservation facilitated by the efficient laboratory
vacuum ensiling, however, losses cannot be expected to
be as low in large scale.
Evaporation of fatty acids needs to be considered when
determining DM content of silage, which can be done by
using of volatilization coefficients to determine the acids
lost during DM-determination [32]. In this work vo-
latilization coefficients and the quantity of the total fatty
acids in the EWS were used, to subtract the remaining
fatty acids from the DM of the EWS as described at
Material and Methods. Fatty acids originated from the
added xylose were hereby not taken into account.
HTT pretreatment
Composition
The composition of the raw WS (RWS) and the solid
fractions of hydrothermally pretreated WS (HTT WS)
are compared with the EWS and the solid fractions of
pretreated EWS (HTT EWS) (Table 2). The effects of in-
creased temperature in the HTTs are up-concentration
of cellulose and lignin in the solid fraction (Table 2).
Since xylan and arabinan levels in the solid fractions of
HTTs are decreasing with increasing HTT temperature,
and since levels are lower on EWS, the solubilisation of
hemicellulose is concluded to be intensified when the WS
is ensiled and the temperature of the HTT pretreatment is
increased.
Comparing the glucan content of RWS with that of
EWS confirmed that the ensiling effectively preserves the
cellulose (Table 2). Likewise, the total amount of fatty
acids produced during ensiling (Table 1) is corresponding
to the amount of added xylose. Hence, there is no indica-
tion of loss of structural carbohydrates during the 4 weeks
of ensiling.
Mass balance
The glucan content in the pretreated solid fraction plus
the small amounts of solubilized glucan were compared
to the amount of glucan in the RWS and a total recovery
was calculated. The glucan in the EWS was preserved to
the same extent as the RWS after HTT and all pretreat-
ments had a recovery above 90% (data not shown).
The pretreatment effect of HTT lies in the mechan-
ism of autohydrolysis, catalyzed by the high tem-
perature steam; here water acts as a weak acid and
initiates depolymerization of hemicellulose [28]. During
this process acetic acid is released from the O-acetyl
groups on the hemicellulose which further enhance the
acid hydrolysis [3,29]. The solubilization of hemicellu-
lose, simultaneously with a dislocation of lignin [33] is
the reason for inlcreased accessibility to cellulose that
facilitates enzymatic attack. Even though the hemicellu-
lose solubilizition is attractive, the hemicellulose carbo-
hydrates still holds potential value in a biorefinery
context. The recovery of hemicellulose (xylan and
arabinan) is therefore an important factor.
A clear trend was found that temperature increased
solubilisation of hemicellulose (Figure 1). For all pre-
treatments, except HTT EWS 190°C, the hemicellulose
was mainly recovered in the solid fraction, and the total
recovery for these pretreatments was high (92-97%),
while only 64% of the total hemicellulose was recovered
Table 1 Dry matter loss and pH after 4 weeks ensiling; the
most significant organic compounds in water extraction
after ensiling
DM loss (w/w)% 0.35
pH 3.69
Glucose 0.06 ± 0.00
Xylose 1.27 ± 0.02
Xylitol 0.17 ± 0.00
Lactic acid 2.46 ± 0.09
Acetic acid 2.79 ± 0.08
Propionic acid 0.36 ± 0.01
Total 7.06
Total includes the mentioned organic compounds.
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from HTT EWS 190°C (Figure 1). The solubilisation of
hemicellulose was in general quite low compared to simi-
lar studies on hydrothermal pretreatments on WS (e.g.
Petersen et al., (2009). [11]). This is most likely due to dif-
ferences in biomass composition; e.g. Petersen et al. had
significantly lower lignin and cellulose content compared
to the WS used in this study.
It is clear from the results that ensiling significantly in-
creased the solubilisation of hemicellulose, and the increase
with pretreatment temperature was more pronounced
(Figure 1). The relative high degradation of hemicellulose
for EWS at 190°C indicates that severity of this pretreat-
ment was too high.
It is well known that HTT at high temperature and
acidic conditions cause degradation of xylose and forms
furfural while degradation of glucose mainly forms
hydroxymethyl furfural (HMF) and both are potential fer-
mentation inhibitors [10,34]. Accordingly, the increase in
hemicellulose degradation with temperature, enforced by
the combination with ensiling, was recorded in the mea-
surements of furfural in the hydrolysates (Figure 2). Al-
though the furfural levels were significantly higher in the
HTT EWS samples than the HTT WS samples, the max-
imum concentration did not exceed 0.53 g/L (HTT EWS
190°C), which is far below the critical inhibition levels of
2.0 g/L [35]. HMF concentrations were found not to ex-
ceed 0.03 g/L (data not shown) which is likewise much
below inhibition levels [35].
For both WS and EWS the concentration of organic acid
in the HTT liquid increased with temperature as expected
(Figure 2) due to the higher biomass degradation at higher
temperature. The HTT EWS liquids had significantly
higher concentrations of total organic acids than HTT WS,
which was due to both higher biomass degradation but also
the organic acid content in the biomass before HTT. The
levels on Figure 2 in (w/w)% of DM before HTT is
Table 2 Composition of raw wheat straw (RWS) hydrothermal treated wheat straw (HTT WS), ensiled wheat straw
(EWS) and hydrothermal treated ensiled wheat straw (HTT EWS) in the solid fraction after HTT (if pretreated)
Glucan Xylan Arabinan Lignin Ash Extractives
(w/w % of DM)
RWS 40.2 ± 0.2 22.3 ± 0.1 3.3 ± 0.0 18.6 ± 1.1 5.2 ± 0.2 6.3 ± 0.2*
HTT WS 170°C 40.3 ± 2.4 24.8 ± 0.8 2.3 ± 0.1 21.3 ± 0.1 4.8 ± 0.3
HTT WS 180°C 45.1 ± 1.5 25.2 ± 0.2 2.0 ± 0.0 21.6 ± 0.3 4.0 ± 0.2
HTT WS 190°C 50.5 ± 0.2 22.4 ± 0.4 1.5 ± 0.2 23.0 ± 0.2 5.0 ± 0.2
EWS 39.7 ± 0.0 24.1 ± 0.4 2.6 ± 0.0 17.5 ± 1.2 3.1 ± 1.1 6.9 ± 0.8
HTT EWS 4w 170°C 40.2 ± 1.0 20.1 ± 1.3 1.3 ± 0.2 23.0 ± 0.4 4.2 ± 0.0
HTT EWS 4w 180°C 43.2 ± 1.0 18.5 ± 1.2 1.6 ± 0.1 24.5 ± 0.4 4.2 ± 0.3
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Figure 1 Recovery of hemicellulose. Recovery of hemicellulose
(xylan and arabinan) in solid fraction (dark) and liquid fraction
(light) on HTT treated wheat straw (HTT WS) and on HTT treated
ensiled wheat straw (HTT EWS). HTT pretreatment was carried out























Figure 2 Organic acids and furfural in liquid fraction after HTT.
Total organic acid (dark) and furfural (light) in (w/w)% of raw
material DM. Analyzed in the liquid fractions after HTT treatment of
wheat straw (WS) and ensiled wheat straw (EWS).
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equivalent to between 1.5-1.9 g/L for HTT EWS and 0.1-
0.4 g/L for HTT WS. The distribution of organic acids was
also different for the WS HTTand EWS HTT. For HTT of
WS it was mainly acetic acid and a bit of formic acid, a dis-
tribution of 82% and 15% respectively. For the HTT on
EWS the distribution was 54% acetic-, 7% formic-, 34%
lactic-, and 5% propionic acid (data not shown). The dif-
ference in organic acids in the pretreated liquids suggests
that the mechanisms during pretreatment of the two dif-
ferent biomasses appear to be different, which is in line
with the clear difference in hemicellulose solubilisation
(Figure 1). Organic acids can have inhibitory effect in sub-
sequent ethanol fermentation, but for that the concentra-
tions should exceed 10 g/L [35]. On the other hand, it has
been shown that inhibitors can serve as very efficient con-
tamination control in large-scale lignocellulosic bioethanol
production, preventing growth of especially Lactobacillus
and thus avoid the need of expensive sterile fermentation
equipment [5].
Enzymatic hydrolysis
The enzymatic hydrolysis on the pretreated fiber was ef-
fectively acting on both cellulose and hemicellulose due to
the addition of both cellulase- and hemicellulase blends.
The glucose conversion yields in the pretreated solid frac-
tion of the HTT WS increased with temperature especially
from 180°C to 190°C where the conversion yield jumped
from 45.9 to 71.5% (Table 3). For the HTT EWS the glu-
cose conversion yield ranged from 73.5-78.7% and did
not differ significantly due to the standard deviations
(Table 2). When addressing the actual release of glucose
in (w/w)% of DM in the solid fraction after HTT it were
apparent that HTT EWS 190°C gave the highest release
of 43.9 (w/w)% (Table 3).
The glucose conversion yields after enzymatic hydrolysis
were clearly improved by ensiling especially at the lower
HTT temperature of 170°C and 180°C, which leads to a
significant increase in the overall glucose conversion yields
(Table 3). E.g. at the HTT at 180°C the overall glucose
conversion yield increased from 44.4% to 78.5% of glucose
in raw material when WS was ensiled.The data also
showed that ensiling alone was not sufficient as pretreat-
ment, since only 13% of the available glucose in the raw
material could be enzymatically converted (Table 3). The
low overall glucose conversion yield on WS at the two
lower pretreatment temperatures shows that the pretreat-
ment severities were insufficient.
The overall conversion yield of xylose (Table 4) showed
the same trend as for glucose (Table 3). However for HTT
EWS 190°C the released xylose was significantly lower
compared to pretreatments at lower temperatures. This
can be explained by the thermal degradation of hemicellu-
lose at higher pretreatment severity. Furthermore, the xy-
lose release of HTT EWS 170°C (17.2 (w/w)%) was similar
to HTT WS 190°C (18.0 (w/w)%), corroborating that en-
siling facilitated high xylose release at lower pretreatment
temperature.
The positive effect of ensiling WS prior to HTT can be
quantified by comparing the yields over the same pretreat-
ment temperature. At 170°C and 180°C ensiling improves
the total yield. Comparing the released glucose and xylose
(Table 3 and Table 4) from HTT WS with HTT EWS it
can be concluded that we gain substantial more released
sugar than the 7% xylose spent facilitating the ensiling
process. However, at 190°C this positive sugar balances is
not observable due to xylose degradation.
The literature points at two main reasons for the im-
proved sugar release of combining ensiling and HTT.
Table 3 Glucose conversion after enzymatic hydrolysis of raw wheat straw (RWS), hydrothermal treated wheat straw
(HTT WS), ensiled wheat straw (EWS) and of hydrothermal treated ensiled wheat straw (HTT EWS)
Released glucose Glucose conversion yield Overall glucose conversion yield
Liquid fraction Solid fraction Total
In (w/w) % of DM in
solid fraction
In % of glucose in
solid fraction
In % of glucose in
raw material
In % of glucose in
raw material
In % of glucose in
raw material
RWS 19.0 ± 2.6c 19.0 ± 2.6c
HTT WS 170°C 19.1 ± 0.5d 43.0 ± 1.2b 0.9 ± 0.0c 38.3 ± 1.0b 39.1 ± 1.0b
HTT WS 180°C 22.8 ± 1.9d 45.9 ± 3.9b 1.4 ± 0.1b 43.0 ± 3.6b 44.4 ± 3.6b
HTT WS 190°C 39.7 ± 2.9ab 71.5 ± 5.1a 1.8 ± 0.2a 69.3 ± 5.0a 71.1 ± 5.0a
EWS 13.5 ± 0.8c 13.5 ± 0.8c
HTT EWS 170°C 33.5 ± 2.9c 75.7 ± 6.7a 0.8 ± 0.1c 74.3 ± 6.4a 75.1 ± 6.4a
HTT EWS 180°C 37.4 ± 1.5b 78.7 ± 3.0a 1.3 ± 0.1b 77.1 ± 3.4a 78.5 ± 3.4a
HTT EWS 190°C 43.9 ± 2.1a 73.5 ± 3.5a 1.6 ± 0.1a 80.8 ± 3.8a 82.3 ± 3.8a
Released glucose is expressed as (w/w)% of DM in solid fraction after HTT. Glucose conversion yield is expressed as glucose release in % of glucose in the solid
fraction after HTT. Overall glucose yield is the glucose release in the liquid fraction after HTT- and in the solid fraction after enzymatic hydrolysis in % of glucose
in the raw wheat straw. The results in each row are grouped according to significance (p = 0.05%), where ‘a’ is significantly higher than ‘b’ and so forth.
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First, the improved sugar release is connected to the nat-
ural long term impregnation of organic acids on the bio-
mass where the lignocellulosic structure is loosened by
weak acid hydrolysis accomplished by organic acids [6].
Due to the addition of xylose as substrate for ensiling, it
could not be concluded to which extent hemicellulose
was solubilized, but the combined results suggests very
little solubilisation. Since this study did not look at the
duration of the ensiling or included pretreatment of WS
merely soaked in organic acids as a control, it cannot be
unequivocally concluded that the improvement of HTT
on EWS was directly due to the long term ensiling alone.
Monavari et al. [36] did a study on impregnation with lac-
tic acid on bagasse prior to steam explosion and found a
significant difference between long term impregnation
(4 weeks) and merely soaking, favoring the impregnation,
proving that this is in fact a factor. Nonetheless, soaking of
the dry wheat straw to a DM of 35%, do cause swelling of
the cell wall, which is most likely improving the effect
of pretreatment.
The second main effect of ensiling prior to HTT is the
lowering of pH which causes higher severity, i.e. the ac-
tion of the produced organic acids within the HTT pre-
treatment. Especially acetic acid, but also lactic acid has
been shown to catalyze the autohydrolysis and improve
the process as it was found by Xu et al. [27]. Recently it
has been shown that addition of 0.04 g (g DM)-1 acetic
acid to HTT of wheat straw increased glucose yield
at both 190°C and 195°C, however not at 200°C, thus
the effect of acetic acid was more significant at lower
temperatures [37]. Results from the present study
also determine that improvement by acid catalyzed
autohydrolysis increases at decreasing pretreatment
temperature. Furthermore, due to the large effect of
ensiling at lower HTT temperatures i.e. 170-180°C, it
would be interesting to test even lower HTT temper-
atures than 170°C in future studies.
Conclusion
Ensiling prior to hydrothermal treatment was shown to sig-
nificantly increase the effect of the pretreatment, especially
at 170°C, and 180°C. An effective ensiling of wheat straw
was accomplished with the presented method in which
both glucan and xylan was effectively preserved, and where
the DM loss during ensiling was under 0.5%. Ensiled wheat
straw hydrothermally treated at 180°C gave the highest
overall conversion yield regarding both glucan and xylan,
73.6% and 83.5% respectively, but even pretreatment of en-
siled wheat straw at 170°C provided satisfying results,
70.4% and 77.4% for glucan and xylan respectively. In both
cases, more xylose was gained after the enzymatic hydroly-
sis than was used in the production of the wheat straw sil-
age. The findings potentially enable a considerable decrease
in the necessary process temperature in hydrothermal treat-
ments of wheat straw, thereby having a positive effect on
large scale pretreatment costs.
Materials and methods
Raw material
Wheat straw (Triticum aestivum L.) was supplied by
DONG Energy (Skærbæk, Denmark). The straw was
chopped to approximately 10 cm pieces and stored at am-
bient temperature. Dry matter content of the stored WS
was 90%.
The process
Combined ensiling and HTT pretreatment was tested
against conversion of glucose and xylose after subse-
quent enzymatic hydrolysis. The combined pretreatment
Table 4 Xylose conversion after enzymatic hydrolysis of raw wheat straw (RWS), hydrothermal treated wheat straw
(HTT WS), ensiled wheat straw (EWS) and of hydrothermal treated ensiled wheat straw (HTT EWS)
Released xylose Xylose conversion yield Overall xylose conversion yield
Liquid fraction Solid fraction Total
In (w/w) % of DM in
solid fraction
In % of xylose in
solid fraction
In % of xylose in
raw material
In % of xylose in
raw material
In % of xylose in
raw material
RWS 14.8 ± 1.7e 14.8 ± 1.7e
HTT WS 170°C 11.1 ± 0.3c 40.0 ± 1.0d 3.1 ± 0.0f 39.5 ± 0.9d 42.6 ± 0.9d
HTT WS 180°C 14.6 ± 0.7b 51.6 ± 2.6c 6.2 ± 0.3e 48.6 ± 2.4c 54.9 ± 2.4c
HTT WS 190°C 18.0 ± 1.6a 71.8 ± 6.2b 21.1 ± 1.8c 55.6 ± 4.8b 76.7 ± 4.8b
EWS 10.5 ± 0.4e 10.5 ± 0.4e
HTT EWS 170°C 17.2 ± 1.0a 76.3 ± 4.6ab 14.5 ± 0.0d 67.5 ± 4.1a 82.0 ± 4.1ab
HTT EWS 180°C 16.7 ± 0.8a 81.0 ± 5.0a 26.7 ± 2.3b 61.1 ± 3.1a 87.8 ± 4.9a
HTT EWS 190°C 11.7 ± 0.7c 88.2 ± 5.5a 30.6 ± 0.0a 37.9 ± 2.3d 68.5 ± 2.3d
Released xylose is expressed as (w/w)% of DM in solid fraction after HTT. Xylose conversion yield is expressed as xylose release in % of xylose in the solid fraction
after HTT. Overall xylose yield is the xylose release in the liquid fraction after HTT- and in the solid fraction after enzymatic hydrolysis in % of xylose in the raw
wheat straw. The results in each row are grouped according to significance (p = 0.05%), where ‘a’ is significantly higher than ‘b’ and so forth.
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(HTT EWS) were compared to the conversion in raw
wheat straw (RWS), ensiled wheat straw (EWS) and sole
HTT pretreated wheat straw (HTT WS).
Ensiling
Ensiling was carried out on chopped WS (10 cm) adjusted
to 35% final DM content. Due to the low free sugar con-
tent of WS, 7 g xylose per 100 g DM was added as deter-
mined to be optimal by Yang et al. [14]. Each batch of
ensiling contained 1.5 kg DM WS. The ensiling was car-
ried out using a vacuum based plastic bag system [38] and
a Variovac EK10 vacuum packaging machine (Variovac
Nordic A/S, DK-7100 Vejle, Denmark).
The commercially available inoculum LACTISIL CCM
(Chr. Hansen, Hørsholm, Denmark) which consists of
freeze dried pure heterofermentative Lactobacillus buchneri
was applied. A suspension of 0.2 g L-1 water was prepared
and added in the amount of 40 mL kg-1 WS to reach an ini-
tial inoculum size of 8 mg kg-1.
The plastic bags were opened after 4 weeks. Weight
loss was measured for calculation of DM loss. After en-
siling, 1 kg DM of the ensiled WS was pretreated
hydrothermally.
Hydrothermal pretreatment
Hydrothermal pretreatments (HTT) were carried out in the
“Mini IBUS” equipment (Technical University of Denmark,
Risø campus). 1 kg DM (corrected for volatile fatty acid) of
the EWS was treated at different temperatures (170, 180
and 190°C) for 10 min. In order to verify the reproducibility
of HTT, the EWS pretreated at 180°C were done in tripli-
cate. After HTT the pretreatment reactor was cooled to
below 70°C thereby avoiding evaporation of acids, and the
material was separated by pressing. Each solid fiber fraction
and each liquid fraction were analyzed separately. The solid
fraction was kept in the freezer and used to evaluate the
process efficiency by enzymatic hydrolysis.
Enzymatic hydrolysis
The enzymatic convertibility assay based on commercial
CellicCTec2 (blend of cellulases) and CellicHTec2
(blend of hemicellulases) (Novozymes A/S, Denmark)
was used to determine the efficiency of the pretreatment
process. Enzymatic conversion of pretreated solids was
performed at 5% DM content in a total volume of
25 mL using 50 mM citrate buffer (pH 5) and 0.25 mL
sodium azide (2%) at 50°C shaken at 150 rpm for 72 h.
Applied enzyme loadings were 15 FPU g−1 DM solids of
CellicCTec2 supplemented with xylanase CellicHTec2
(90:10 ratio based on protein loading for all assays). The
enzymatic hydrolysis was performed in triplicates and
enzyme blanks were included. Samples were analyzed
for carbohydrates on HPLC. Cellulose convertibility was
calculated as the converted cellulose divided by the ori-
ginal cellulose content.
Chemical analysis
Raw wheat straw (RWS), ensiled wheat straw (EWS),
hydrothermally pretreated wheat straw (HTT WS) and
hydrothermally pretreated ensiled wheat straw (HTT EWS)
were analyzed for chemical composition by methods based
on standard laboratory analytical procedures developed by
National Renewable Energy Laboratory (NREL), US [39].
Deviations from these standard procedures are stated in the
following sections. The analysis of the solid fiber fraction
included ash content determination, water extraction, etha-
nol extraction and strong acid hydrolysis for structural car-
bohydrates and lignin. The liquid fraction of the HTT was
analyzed by weak acid hydrolysis.
DM determination
DM was determined using a standard method [39]. The
contribution of fatty acids produced during ensiling was
subtracted from the DM, since the acids originated from
the added xylose, which likewise were not included in the
original DM content of WS. Huida et al. [40] determined
volatilization coefficients describing to which extent differ-
ent fatty acids were evaporating during determination of
DM at specific pH. These volatilization coefficients were
used to determine how much of the different acids that
were left after DM determination of EWS in order to cor-
rect for this amount. Fatty acids in RWS and solid fraction
of HTTs EWS were negligible, thus no correction of DM
were needed in these cases.
Analytical method
Concentrations of carbohydrates (D-glucose, D-xylose, L-
arabinose), organic acids (lactic-, formic-, acetic-, propionic,
and butyric acid) were quantified by HPLC using a Biorad
HPX-87H column (Hercules, CA; USA), RI detector, 63°C
and 4 mM H2SO4 as eluent, at flow rate of 0.6 ml min
-1.
Water extraction
0.3-0.4 g DM biomass from freshly disrupted silage bags
was extracted in 10 ml MilliQ H2O with 10 μl of the
antibiotic ampicillin (10 mg/ml solution) to prevent mi-
crobial activity during extraction. The extraction samples
were shaken for 2 hours at 25°C and 150 rpm. Extracts
were analyzed for sugars, acids by HPLC as described
above. Acids produced from additional xylose used for
initiating ensiling process, were taken into account.
Weak acid hydrolysis of hydrolysates
The liquid fraction of HTT was further analyzed by
weak acid hydrolysis to quantify the content of soluble
oligomer carbohydrates. 10 ml HTT liquid fraction were
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autoclaved for 10 minutes at 121°C with 4 w/w %
H2SO4. Derived sugars were analyzed by HPLC as de-
scribed above.
Ethanol extraction
Lipophilic extraction was carried out by Soxhlet extraction
in a reflux condenser for six hours with 99 w/w% ethanol
on water extracted samples of EWS. The amount of etha-
nol extractives, including volatiles, was defined as the
mass of material lost through extraction.
Determination of structural carbohydrates and lignin
Strong acid hydrolysis was used to measure the carbohy-
drate and lignin content of the extracted bio residue, based
on the NREL standard laboratory analytical procedure [32].
Statistical evaluation
One-way analyses of variances (one-way ANOVA): 95%
confidence intervals were compared as Tukey–Kramer in-
tervals calculated from pooled standard deviations (Minitab
Statistical Software, Addison-Wesley, Reading, MA).
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Biomass Grass   Silage  
 (w/w)% of DM  (w/w)% of DM
Glucan 25.2  0.87 24.2 0.29 
Xylan 14.1 0.51 14.5 0.19 
Arabinan 2.1  0.13 2.4 0.11 
Klason 9.3  0.07 9.3 0.13 
Ash 8.0 0.49 5.3 0.04 
Etoh Extractives 11.9 0.11 10.5 0.43 
H2O Extractives 21.1 1.10 25.0 1.53 





Biomass Grass  Silage
 (w/w)% of DM  (w/w)% of DM
Glucose 1.68 0.03 0.32 0.01 
Xylose 0.80 0.01 0.00 0.00 
Galactose 0.78 0.01 0.00 0.00 
Arabinose 0.59 0.00 0.00 0.00 
Fructose 1.67 0.12 0.19 0.00 
Total WSC 5.52  0.51  
Lactic acid 0.10 0.06 6.53 0.30 
Formic acid 0.00 0.00 0.00 0.00 
Acetic acid 0.19 0.09 1.73 0.08 
Propionic acid 0.01 0.01 0.04 0.00 










Biomass Grass Grass silage 
HTT temperature 170  180 190 170 180  190
 (w/w)% of DM (w/w)% of DM 
Glucan 31.2 0.45 33.0 0.16 35.0 0.43 36.9 0.43 40.6 0.00 42.8 1.10 
Xylan 18.7 0.40 17.1 0.05 10.3 0.09 19.1 0.09 17.5 0.35 10.0 0.21 
Arabinan 2.7 0.01 1.8 0.07 1.0 0.00 2.7 0.00 1.3 0.01 0.5 0.01 
Klason 18.8 0.59 19.0 0.67 17.0 0.58 13.8 0.58 13.5 0.07 13.9 0.30 
Ash 7.4 0.52 8.2 0.18 8.4 0.11 7.8 0.11 6.8 0.09 6.8 0.02 
Ethanol Extractives 11.8 0.35 16.4 0.49 22.8 0.86 15.4 0.16 18.2 0.76 24.5 0.61 
Residual 9.5  4.4 5.6 4.2 2.2  1.4
DM recovery in 





Biomass Grass Silage 
HTT temperature 170 180 190 170 180 190 
 (w/w)% of DM (w/w)% of DM 
Glucose 9.7 10.5 10.1 1.8 2.4 2.3 
Xylose 3.8 8.4 17.2 5.8 12.4 14.9 
Galactose 1.4 2.1 2.6 1.4 2.0 1.7 
Arabinose 2.1 3.1 3.8 2.5 2.9 2.4 
Fructose 3.0 2.9 2.0 0.5 0.6 0.3 
Total sugars 20.0 27.1 35.7 12.1 20.3 21.7 
Lactic acid 0.10 0.39 0.22 11.51 11.97 11.27 
Formic acid 0.83 0.98 1.25 2.31 2.35 2.51 
Acetic acid 1.24 1.81 2.67 2.90 3.28 3.69 
Malic acid 3.15 3.64 4.16 0.00 0.00 0.00 
Propionic acid 0.21 0.27 0.40 0.33 0.38 0.40 
Total organic acids 5.5 7.1 8.7 17.1 18.0 17.9 










Biomass Grass Grass silage 
HTT temperature 170  180 190 170 180  190
 (w/w)% of DM (w/w)% of DM 
Monosaccharides 6.81 0.07 4.13 0.20 3.19 0.19 1.10 0.07 1.28 0.04 1.53 0.01 
Oligosaccharides 5,01 0,43 11,47 0,28 18,20 0,45 5,73 0,45 10,25 0,41 13,46 0,21 
C5:C6 ratio of 
oligomers na.  1.4  3.6  3.1  4.3  6.4  






Biomass Grass Grass silage 
 (w/w)% of DM (w/w)% of DM 
HTT temperature 170  180 190 170 180  190
Total released 
sugars 29.5 0.78 39.2 0.61 53.3 0.62 29.6 1.75 39.8 1.03 40.5 0.72 
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